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ABSTRACT
The d i f f e r e n t i a l  e l a s t i c  c r o s s  s e c t io n s  o f  A1, S , V and Co f o r
3 .1 5  Mev n e u tro n s  have been m easured by th e  tim e  o f  f l i g h t  te c h n iq u e .
The p a r t i c u l a r  v e r s io n  o f  t h i s  m ethod was v e l o c i t y  d e te r m in a t io n  o f
th e  s c a t t e r e d  n e u tro n s  by p u ls e d  beam u t i l i z i n g  a  Van de G ra a ff  g e n e r-
3
a to r  to  p roduce  n e u tro n s  by means o f  th e  D (d,n)H e r e a c t io n .  Beam 
p u ls in g  i s  accom plished  w ith  a  Mobley v a r i a b l e  p a th  m ag n etic  io n  
b u n ch er. The sp re a d  in  en erg y  o f  th e  n e u tro n  beam was + 0 .1 5  Mev and 
b u r s t  d u r a t io n  was 2 .5  nan o seco n d s.
M easurem ents w ere made a t  10° i n t e r v a l s  from  20 to  140 d eg rees  
o v e r a  125 cm. f l i g h t  p a th . S c a t t e r in g  m a te r ia l  i s  in  th e  form  o f 
r i g h t  c i r c u l a r  c y l in d e r s  5 /8 "  X 2 " . The d e t e c to r  i s  a s t i l b e n e  c r y s ­
t a l  mounted on a  56AVP p h o to m u lt ip l ie r  mounted in  a  s h ie l d  c o n ta in in g
t
p a r a f f i n  and l i th iu m  c a rb o n a te  f o r  n e u tro n  a t t e n u a t io n  as  w e ll as le a d
to  s to p  gamma p h o to n s . P h o to m u lt ip l ie r  p u ls e s  a r e  p ro c e s s e d  in  a  tim e
to  p u ls e  h e ig h t  c o n v e r te r  w hich fe e d s  them to  a  TMC 400 ch an n e l a n a ly -  
«
z e r .  Energy r e s o lu t io n  was 14.5%.
The raw  d a ta  was c o n v e r te d  in to  a b s o lu te  c r o s s  s e c t io n s  by n o r ­
m a liz in g  to  th e  d i r e c t  beam co u n t a t  0 ° .  The a n g u la r  d i s t r i b u t i o n s  so
o b ta in e d  a re  compared to  p u b lis h e d  v a lu e s  a t  n e a rb y  e n e r g ie s  and to
o
th e  g e n e ra l  p r e d ic t io n s  o f  o p t i c a l  model th e o ry .  A check  o f  th e  0 
c ro s s  s e c t io n  was a ls o  made by means o f  W ick 's  l i m i t .  The r e s u l t s  a re  




O ver th e  l a s t  s e v e ra l  decades th e  s tu d y  of n u c le a r  s t r u c t u r e  has 
p ro g re s se d  from  th e  e x p e rim en ts  o f  R u th e rfo rd  d e m o n s tra tin g  th e  e x i s t ­
ence o f  th e  a tom ic  n u c leu s  to  th e  p re s e n t-d a y  developm ents in  w hich 
p a r t i c l e s  ra n g in g  from  gamma pho tons to  l i g h t  n u c le i  bombard t a r g e t s  
w ith  e n e rg ie s  o f  th e  o rd e r  o f  b i l l i o n s  o f  e le c t r o n  v o l t s .  F is s io n  
r e a c t io n s  a l s o  c o n t r ib u te  to  o u r u n d e rs ta n d in g  of th e  n u c le u s , how­
e v e r  th e y  g iv e  e s s e n t i a l l y  o n ly  th e  g r o s s e s t  c h a r a c t e r i s t i c s  such as 
p a r t i c l e  s e p a r a t io n  en erg y  and n u c le a r  b in d in g  en erg y . I t  i s  p r i ­
m a r i ly  th ro u g h  e x p e rim en ts  in v o lv in g  a w e ll-d e f in e d  beam o f  p a r t i c l e s  
in c id e n t  on a  p a r t i c u l a r  t a r g e t  t h a t  a more d e ta i l e d  knowledge o f  th e  
n a tu re  o f  n u c le a r  fo r c e s  i s  e v o lv in g , in c lu d in g , e . g . ,  t h e i r  dependence 
on c h a rg e , s p in ,  p a r i t y ,  symmetry p r o p e r t i e s ,  m esic n a tu re  and momen­
tum . In  g e n e ra l  i t  i s  hoped t h a t  s tu d ie s  o f  t h i s  ty p e  w i l l  le a d  to  
a  b e t t e r  id e a  o f th e  e n t i r e  p h y s ic s  o f  th e  n u c le u s .
The l a t t e r  c l a s s  o f  r e a c t io n s  m entioned  above can be su b d iv id ed  
f u r t h e r  in to  two m ain c a te g o r i e s ,  v i z . , .  e l a s t i c  and n o n - e la s t i c  C in c lu d - 
in g  i n e l a s t i c )  r e a c t io n s .  E l a s t i c  s c a t t e r i n g  i s  d e f in e d  as  th a t  in  
w hich th e  k i n e t i c  energ y  o f  th e  c o l l i d i n g  p a r t i c l e s  rem ains c o n s ta n t  
in  th e  c e n te r -o f -m a s s  sy stem . Any o th e r  ty p e ,  w hether i t  be a d i r e c t  
r e a c t io n  p r o c e s s ,  in c lu d in g  c o l l e c t i v e  e x c i t a t i o n  and s t r i p p in g  f o r  
exam ple, o r  an a b s o r p t io n  p ro c e ss  such  as i n e l a s t i c  s c a t t e r i n g  i s  
c a l l e d  a  n o n - e l a s t i c  c o l l i s i o n .  E l a s t i c  s c a t t e r i n g  may be f u r th e r
b roken  down in to  shape e l a s t i c  o r  p o te n t i a l  s c a t t e r i n g  in  which th e  
i n t e r a c t i o n  i s  e s s e n t i a l l y  t h a t  o f  a s in g le  p a r t i c l e  w ith  a  p o t e n t i a l  
w e ll and compound e l a s t i c  s c a t t e r i n g  in  w hich th e  in c id e n t  p a r t i c l e  
i s  ab so rb ed  fo rm ing  a  compound n u c leu s  w ith  th e  t a r g e t  n u c leu s  w hich 
th e n  re e m its  th e  in c id e n t  p a r t i c l e  w ith  th e  same en e rg y  as  t h a t  in  
p o t e n t i a l  s c a t t e r i n g .  I t  i s  n o t p o s s ib le  to  d i s t i n g u i s h  betw een th e  
two c a s e s  e x p e r im e n ta l ly .
A lthough  in  p r in c ip l e  e l a s t i c  s c a t t e r i n g  r e p r e s e n ts  one o f  
th e  s im p le s t  ty p e s  o f  in t e r a c t io n s  i t  n e v e r th e le s s  i s  advan tageous 
to  s tu d y  from  a t h e o r e t i c a l  v ie w p o in t. The m ethod o f  a t t a c k  u s u a l ly  
p ro c e ed s  from  th e  a d o p tio n  o f  a  p a r t i c u l a r  model o f  -the n u c leu s  to  an 
a s s o c ia te d  scheme f o r  th e  r e a c t io n  which can  th e n  be checked w ith  
e x p e r im e n t. At low e n e rg ie s  th e  i n t e r a c t i o n  may be lo o k ed  a t  a c c o rd ­
in g  to  th e  s h e l l  model o f  th e  n u c leu s  in  w hich th e  in c id e n t  p a r t i c l e  
may be c o n s id e re d  to  be in  th e  av erag e  f i e l d  o f  a l l  t h e  n u c leo n s and 
e x p e r im en t w i l l  th u s  a f fo rd  in fo rm a tio n  ab o u t th e  s t a t i s t i c a l  p ro p e r ­
t i e s  o f  th e  t a r g e t  n u c le u s . High energ y  e x p e rim en ts  y i e ld  d a ta  ab o u t 
in te r - n u c le o n  fo rc e s  and t h e i r  accom panying c o m p le x i t ie s .  The fo rm er 
i s  e s s e n t i a l l y  a tw o-body problem  w h ile  th e  l a t t e r  i s  a  many-body 
prob lem  w hich can n o t be an a ly zed  w ith o u t a  number o f  s im p lify in g  
a s su m p tio n s . The s im p le r  c a se  o f e l a s t i c  s c a t t e r i n g  g iv e s  th e  th e o ­
r i s t  an o p p o r tu n i ty  to  t e s t  th e  v a l i d i t y  o f  a  p a r t i c u l a r  model and 
c o l l i s i o n  th e o ry  w hich can  th e n  be a p p lie d  to  more com plex s i t u a t i o n s .
The tw o-body problem  in  i t s e l f  can  g iv e  d i r e c t l y  m ean ing fu l 
r e s u l t s  i f  loo k ed  a t  a c c o rd in g  to  th e  o p t i c a l  model o f  th e  n u c le u s ; 
f o r  exam ple, in  th e  c a se  o f  p o l a r i z a t i o n  e x p e r im e n ts , a s p e c ia l  c l a s s  
o f  e l a s t i c  s c a t t e r i n g  e x p e r im e n ts . In  d i r e c t  an a lo g y  w ith  p o l a r i z a t i o n
by s u c c e s s iv e  s c a t t e r i n g s  in  c l a s s i c a l  wave o p t i c s  a  beam o f p a r t i c l e s  
i s  made to  undergo  c o n s e c u tiv e  c o l l i s i o n s  w hich , because  o f  th e  s p in -  
o r b i t  i n t e r a c t i o n  o f  th e  p a r t i c l e ,  a llo w s  th e  i n v e s t i g a t o r  to  s e l e c t  
p a r t i c l e s  o f  a p a r t i c u l a r  s p in  s t a t e  o r  p o l a r i z a t i o n  w hich can  th e n  
be u sed  to  f u r n i s h  more d e t a i l e d  in fo rm a tio n  a b o u t th e  s p i n - o r b i t  p a r t  
of th e  p o t e n t i a l . T h is w ave-m echanical p i c t u r e  may be c a r r i e d  a s te p  
f u r t h e r  by lo o k in g  a t  th e  a n g u la r  d i s t r i b u t i o n  o f  e l a s t i c a l l y  s c a t ­
te r e d  p a r t i c l e s .  The r e s u l t a n t  c u rv e  i s  t h a t  o f  a d i f f r a c t i o n  p a t t e r n  
w ith  i t s  cu sto m ary  s t r o n g  maximum i n  th e  fo rw ard  d i r e c t i o n  and s u c c e s ­
s iv e  maxima and m inim a. The a p p l i c a t i o n  o f  o p t i c a l  model th e o ry  to  
th e s e  e x p e rim en ts  and o th e r s  o v e r  a  wide ran g e  o f e n e rg ie s  has y ie ld e d  
g r a t i f y i n g  r e s u l t s  w a rra n tin g  f u r t h e r  d is c u s s io n  o f t h i s  m odel.
The o p t i c a l  model was f i r s t  d eveloped  s e m i - c l a s s i c a l l y  by
F ern b ach , S e rb e r  and T a y lo r1 i n  1949 in  o rd e r  to  e x p la in  some o f th e
r e s u l t s  o f  h ig h  e n e rg y  n e u tro n  e x p e rim en ts  w hich were a t  v a r ia n c e  w ith
2
th e  p r e d ic t io n s  o f  th e  o ld e r  compound n u c le u s  th e o ry  o f B ohr. In  
p a r t i c u l a r ,  th e  compound n u c le u s  scheme assum ed co m ple te  a b s o rp t io n  
o f th e  in c id e n t  p a r t i c l e  by th e  bombarded n u c le u s  to  form  a com posite  
system  w hich  s u b se q u e n tly  decayed by means o f  v a r io u s  c h a n n e ls  depend­
in g  upon th e  p a r t i c u l a r  n u c le u s  b u t in d e p en d e n t o f th e  fo rm a tio n  o f 
th e  compound n u c le u s . T h is th e o ry  s u c c e s s f u l ly  p r e d ic te d  th e  v a r i a ­
t i o n s  o f  th e  t o t a l  c ro s s  s e c t io n  w ith  e n e rg y  f o r  low en erg y  n e u tro n s
1S . F e rn b ach , R. S e rb e r  and T. B. T a y lo r ,  "The S c a t t e r in g  o f 
High Energy N eu trons by N u c le i ,"  P h y s ic a l  R eview , LXXV (1 9 4 9 ) , 1352.
2
N. B ohr, "N eu tron  C ap tu re  and N u c lea r C o n s t i tu t io n ,"  N a tu re , 
CXXXVII (1 9 3 6 ) , 344.
in c lu d in g  th e  many sh a rp  re so n an c es  e x h ib i te d  in  th e  d a ta .  For h ig h  
e n e rg y  e x p e rim en ts  how ever, th e  s t ro n g  a b s o rp t io n  a t t e n d a n t  w ith  t h i s  
id e a  was much g r e a t e r  th a n  t h a t  borne o u t by ex p e rim en t. The o p t i c a l  
model n o t o n ly  gave s a t i s f a c t o r y  r e s u l t s  when a p p lie d  to  th e s e  c a s e s ,  
b u t a l s o  to  low  e n e rg y  c ro s s  s e c t io n s  a s  a  f u n c t io n  o f  energ y  when th e
l a t t e r  w ere av erag ed  o v e r many re so n a n c e s , a  p la c e  w here th e  s h e l l
model had f a i l e d .
The o p t i c a l  model may be e x e m p lif ie d  by a com plex p o t e n t i a l :
V a U + iW r  <  Rc
V = 0 r  >  Rc
w here U i s  r e l a t e d  to  th e  s h e l l  model p o t e n t i a l ,  W ta k e s  in to  acco u n t 
th e  a b s o r p t io n  and Rc i s  th e  d is ta n c e  beyond which th e  n u c le a r  p o te n ­
t i a l  i s  n e g l i g i b l e .  The r e s u l t  form s a  compromise betw een th e  s h e l l
and compound n u c le u s  m odels. When t h i s  form  o f  th e  p o te n t i a l  was
3
a p p l ie d  q u an tu m -m ech an ica lly  by F eshbach , P o r te r  and W eisskopf in
4-111954 to  th e  d a ta  o f  B a rs o h a ll  and o th e r s  f o r  t o t a l  c ro s s  s e c t io n s
“*H. F eshbach , C. E. P o r te r  and V. F. W eisskopf, "Model f o r  
N u c le a r  R e a c tio n s  w ith  N e u tro n s ,"  P h y s ic a l Review , XCVI (1 9 5 4 ), 448.
h
H. H. B a r s c h a l l ,  " R e g u la r i t i e s  in  th e  T o ta l C ross S e c tio n s  f o r  
F a s t  N e u tro n s ,"  P h y s ic a l R eview , LXXXVI (1 9 5 2 ) , 431.
5D. W. M i l l e r ,  R. K. A d a ir , C. K. Bockelman and S. E. Darden, 
" T o ta l  C ross S e c tio n s  o f  Heavy N u c le i f o r  F a s t  N e u tro n s" , P h y s ic a l 
R eview , LXXXVIII (1 9 5 2 ) , 83 .
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v s .  energ y  th e  agreem ent was h ig h ly  s a t i s f a c t o r y  c o n s id e r in g  th e  f a c t  
t h a t  th e  shape  o f th e  p o te n t i a l  u sed  was one o f  th e  c r u d e s t ,  nam ely, 
a sq u are  w e l l .  F u r th e r ,  th e  d i f f e r e n t i a l  c ro s s  s e c t io n s  a ls o  showed 
th e  d i f f r a c t i o n  p a t t e r n  p o r t r a y e d  by th e  d a ta .  S u b seq u en tly  th e  th e o ry  
has been a p p lie d  t o  ex p e rim en ta l r e s u l t s  in  th e  en erg y  range  o f  2-300 
Mev. in c lu d in g  p ro to n s , a l p h a - p a r t i c l e s  and h e a v ie r  n u c le i  a s  bombard­
ing  p a r t i c l e s  as w e ll as t o  p io n  and muon s c a t t e r i n g  w ith  s i g n i f i c a n t l y  
good r e s u l t s ,  th u s  adding p l a u s i b i l i t y  to  th e  co n cep t o f  th e  n u c leu s  
as a "c lo u d y  c r y s t a l  b a l l ” w ith  an  in d e x  o f  r e f r a c t i o n .
The o p t i c a l  model th e o ry  has th u s  been  an  amalgam f o r  th e  wave 
m echanical n o t io n s  o f p o l a r i z a t i o n  by r e f l e c t i o n  and d i f f r a c t i o n  phe­
nomena w ith  th e  s h e l l  and compound n u c le u s  t h e o r i e s .  I t  does no t 
however, s o lv e  a l l  the p rob lem s o f  n u c le a r  s t r u c t u r e  and in d eed  g iv e s  
o n ly  a r e l a t i v e l y  gross id e a  o f  i t ,  y e t  i t  i s  a  p o w erfu l to o l  when 
u t i l i z e d  to  u n d e rs tan d  t h e  r e s u l t s  o f e l a s t i c  s c a t t e r i n g  ex p erim en ts  
w hich, as  m en tioned  e a r l i e r ,  c a n  g iv e  th e  form  o f  th e  s p i n - o r b i t  as 
w e ll as th e  c e n t r a l  p a r t  o f  th e  p o t e n t i a l .  A no ther p e r t i n e n t  f e a tu r e  
o f  t h i s  model i s  th e  f a c t  th a t  i t  can  be a p p l ie d  to  a l r e a d y  e x i s t i n g  
e l a s t i c  s c a t t e r i n g  d a ta  t o  i n t e r p o l a t e  f o r  th e  c ro s s  s e c t io n s  o f
% .  N eresen  and S . D arden, "A verage N eu tro n  T o ta l  C ross S e c tio n s  
in  th e  3 to  12 Mev R eg io n ,"  P h y s ic a l  R ev iew , XCIV (1 9 5 4 ) , 1678 .
F . Cook and T . W. B an n er, " S c a t t e r in g  of F a s t  N eu trons in  
L ig h t N u c le i ,"  P h y s ic a l R eview , XCIV (1 9 5 4 ) , 651.
■^D. J .  Hughes e t  a l . ( e d s . ) ,  "N eu tro n  C ross S e c t io n s ,"  U. S . 
Atomic Energy Commission R ep o rt AECU-2040 (W ashing ton : T ech n ica l
In fo rm a tio n  D iv is io n , D epartm en t o f  Commerce, 1 9 5 2 ).
m a te r ia l s  n o t m easured e x p e r im e n ta l ly  by means o f a  method due t o  
B e y s te r* 2 .
W ith th e  developm ent o f  such  s t r o n g  t h e o r e t i c a l  s u p p o r t  f o r  th e  
g a th e r in g  o f  d i f f e r e n t i a l  e l a s t i c  s c a t t e r i n g  d a ta  th e re  fo l lo w s  th e  
need  f o r  an  e x p e r im e n ta l method w hich w i l l  y i e ld  th e  ty p e  o f d a t a  com­
p a t i b l e  w ith  th e  e le g a n t  m ath em atica l s t r u c t u r e  a s s o c ia te d  w ith  i t .  
F i r s t ,  th e  ty p e  o f  p a r t i c l e  m ust be s e l e c t e d .  The n e u tro n ,  b ecau se  o f 
i t s  e l e c t r i c a l l y  n e u t r a l  n a tu re  and hence la c k  o f i n t e r a c t io n  w i th  th e  
Coulomb f i e l d  o f  th e  n u c leu s  i s  a  l i k e l y  p a r t i c l e  to  t e s t  th e  in h e r e n t  
c h a r a c te r  o f  th e  s p e c i f i c a l l y  n u c le a r  f o r c e s .  At th e  same t im e , how­
e v e r ,  t h i s  la c k  o f  c h a rg e  p r e s e n ts  ex p im en ta l d i f f i c u l t i e s .  I n  c ase s
where an  a c c e l e r a to r  i s  used  to  p ro v id e  n e u tro n s  th e y  m u st be p ro d u ced
*
by c h a rg ed  p a r t i c l e  i n t e r a c t i o n s .  I f  d e te c t io n  i s  by means o f  a  
s c i n t i l l a t o r - p h o t o m u l t i p l i e r  a rran g em en t n e u tro n  energy  m ust be  con­
v e r te d  i n d i r e c t l y  in to  an e l e c t r i c a l  s ig n a l  by p ro d u c in g  a c c e le r a te d  
c h a rg ed  p a r t i c l e s .  The fo rm er c o n d i t io n  has been s a t i s f i e d  in  th e  
p r e s e n t  c a se  by u s in g  th e  D (d,n)H e r e a c t io n ,  th e  l a t t e r  by u s in g  a 
hydrogenous c r y s t a l ,  s t i l b e n e ,  and u t i l i z i n g  th e  la rg e  ( n ,p )  c r o s s  
s e c t io n  to  p ro d u ce  e n e r g e t ic  r e c o i l  p ro to n s  w hich a re  th e n  e a s i l y  
d e te c te d  by th e  s c i n t i l l a t i o n s  p ro duced  in  th e  c r y s t a l .  A t h i r d  con­
d i t i o n  im posed in  a  n e u tro n  s c a t t e r i n g  ex p erim en t i f  m ean in g fu l d a ta  
i s  to  be o b ta in e d  i s  th e  s e p a r a t io n  o f  th e  e l a s t i c a l l y  s c a t t e r e d  neu­
t r o n s  from  th e  i n e l a s t i c .  A t p re s e n t  one o f  th e  p o p u la r  and p o w e rfu l 
means o f  a c h ie v in g  t h i s  i s  th e  method o f  t i m e - o f - f l i g h t .
*2J .  R. B e y s te r ,  " P r e d ic t io n s  o f  F a s t  N eu tron  S c a t t e r i n g  D ata 
w ith  a  D if fu s e  S u rfa c e  P o te n t i a l  W e ll ,"  Los Alamos S c i e n t i f i c  L ab o ra ­
to r y  R ep o rt LA-2099, (1 9 5 7 ) .
The t i m e - o f - f l i g h t  te c h n iq u e  makes u se  o f  th e  f a c t  t h a t  
n e u tro n s  o f  d i f f e r e n t  en ergy  have d i f f e r e n t  f l i g h t  tim e s  o v e r a  g iv en  
p a th  and hence g r e a t e r  and l e s s e r  v e l o c i t i e s . The tim e  ta k e n  to  t r a ­
v e r s e  t h i s  p a th  can  be d e te rm in e d  and th e  v a ry in g  tim e  in t e r v a l s  s e rv e  
as a  m easure o f  n e u tro n  e n e rg y . More im p o r ta n t ly ,  tim e  can  be con­
v e r te d  to  an e a s i l y  m easured e l e c t r i c a l  q u a n t i ty  su ch  as v o l ta g e  and 
d is c r im in a t io n  betw een  d i f f e r i n g  p u ls e  h e ig h ts  c o rre sp o n d in g  to  d i f ­
f e r e n t  f l i g h t  tim e s  and e n e r g ie s  s e p a r a te s  th e  n e u tro n s  o f  i n t e r e s t  
from  o th e r s ,  i f  th e  r e s o lu t io n  i s  a d e q u a te . The d is c r im in a t io n  i s  
acco m plished  by a  p u ls e - h e ig h t  a n a ly z e r  w hich , a f t e r  s o r t in g  th e  sep a ­
r a t e  p u ls e s  a c c o rd in g  to  h e ig h t  s to r e s  th e  c o u n t o f  e ach  in  a  s c a l in g  
d e v ic e . The o u tp u t  o f  th e s e  s c a l e r s ,  when p l o t t e d  a g a in s t  p u ls e  
h e ig h t  o r  s c a l in g  num ber, w i l l  th e n  g iv e  th e  d i s t r i b u t i o n  o f  p a r t i c l e s  
in  th e  e l a s t i c  and i n e l a s t i c  c a t e g o r i e s . Gamma p h o to n s  a s s o c ia te d  
w ith  i n e l a s t i c  c o l l i s i o n s  w i l l  a l s o  be s e p a ra te d  from  th e  n e u tro n s  
becau se  o f  t h e i r  g r e a te r  v e l o c i t y .  T h is  m ethod p e rm its  a  c o n s id e ra b le  
r e d u c t io n  in  background  p r e v a le n t  w ith  o th e r  m ethods o f  d e te c t io n .
T here  a r e  two main v a r i a t i o n s  o f  th e  t i m e - o f - f l i g h t  m ethod.
One i s  t h e  a s s o c ia te d  p a r t i c l e  method in  w hich  a  ch arg ed  p a r t i c l e  
e m itte d  in  th e  n e u tro n -p ro d u c in g  r e a c t io n  i s  d e te c te d  th u s  f i x i n g  one 
end o f  th e  tim e  i n t e r v a l  to  be m easured  w h ile  th e  o th e r  end p o in t  i s  
p ro v id e d  by th e  a r r i v a l  o f  th e  n e u tro n  a t  th e  d e t e c t o r .  The o th e r  
te c h n iq u e  i s  t h a t  c a l l e d  v e l o c i t y  d e te r m in a t io n  by p u ls e d  beam. In  
t h i s  m ethod th e  n e u tro n s  a r e  p ro d u ced  in  b u r s t s  o f  v e ry  s h o r t  d u ra t io n  
w h ile  th e  e l e c t r o n i c  s ig n a l  a s s o c ia te d  w ith  e ac h  b u r s t  and in  f ix e d  
p h ase  r e l a t i o n s h i p  to  i t  i s  u se d  to  f i x  th e  s t a r t i n g  p o in t  o f  th e  tim e  
i n t e r v a l  w h ile  th e  p u ls e  p ro d u ced  by th e  s c a t t e r e d  n e u tro n  a t  th e
d e te c to r  s e rv e s  to  f i x  th e  le n g th  o f  th e  i n t e r v a l .  For e l a s t i c  s c a t ­
t e r i n g  i t  i s  n o t n e c e s s a ry  in  e i t h e r  method to  pe rfo rm  an  en e rg y  c a l i ­
b r a t io n  o f  th e  a n a ly z e r  f o r  th e  s c a t t e r e d  n e u tro n s  s in c e  t h e i r  en erg y  
i s  known from  th e  m echanics o f  th e  n e u tro n -p ro d u c in g  r e a c t io n  and o n ly  
t h e i r  s e p a r a t io n  from  th e  i n e l a s t i c a l l y  s c a t te r e d  n e u tro n s  i s  im por­
t a n t .  T h is  s e p a r a t io n  w i l l  depend on th e  tim e  w id th  o f  th e  n e u tro n  
p u ls e  and th e  o v e r a l l  r e s o lu t io n  o f th e  d e te c t io n  system  o r  in s tru m e n ­
t a l  r e s o lv in g  t im e . When w e ll s e p a ra te d  th e  t o t a l  number o f  e l a s t i ­
c a l l y  s c a t t e r e d  n e u tro n s  a t  a  g iv en  a n g le  can  th e n  be u sed  to  d e te rm in e  
th e  d i f f e r e n t i a l  c ro s s  s e c t io n  a t  t h a t  a n g le .
The s p e c i f i c  aim o f  th e  ex p erim en t d e s c r ib e d  h e r e in  i s  to  mea­
s u re  th e  a n g u la r  d i s t r i b u t i o n  o f n e u tro n s  e l a s t i c a l l y  s c a t t e r e d  from  
e lem en ts  c o v e r in g  a  l im i te d  ran g e  o f  a tom ic  mass num bers, in  p a r t i c u ­
l a r ,  Aluminum, S u l f u r ,  Vanadium, and C o b alt w ith  A e q u a l l in g  27 , 32,
51 , and 59 , r e s p e c t iv e ly .  The ch o ice  o f  s c a t t e r e r s  was d i c t a t e d  by 
c o n s id e r in g  th e  h ig h  r e l a t i v e  n a tu r a l  abundance o f  each  is o to p e  th u s  
e l im in a t in g  th e  need f o r  ta k in g  in to  acco u n t th e  s c a t t e r i n g  from  o th e r  
i s o to p e s  o r  e lem en ts  in  th e  l a b o r a to r y  form  o f  e a c h . F o r C o b a lt and 
Vanadium th e r e  i s  l i t t l e  p u b lish e d  a n g u la r  d i s t r i b u t i o n  d a ta  a t .  e n e r ­
g ie s  below  7 Mev and i t  i s  hoped t h a t  t h i s  ex p erim en t w i l l  s e rv e  to  
h e lp  f i l l  t h a t  v o id .
A no ther a s p e c t  to  be e x p lo re d  i s  th e  v a r i a t i o n  o f  th e  d i f f e r e n ­
t i a l  c ro s s  s e c t io n  w ith  mass number a c c o rd in g  to  o p t i c a l  model p r e d i c ­
t i o n s .  T h is  model p r e d ic t s  d i f f r a c t i o n  p a t te r n s  w ith  s u c c e s s iv e ly  
s t r o n g e r  p r in c ip a l  maxima and d e ep e r f i r s t  minima as  w e ll a s  an  i n ­
c r e a s in g  number o f seco n d ary  maxima and minima as  mass number and 
e n e rg y  a re  in c r e a s e d .  At th e  low er end o f  th e  f a s t  n e u tro n  sp ec tru m
o f  e n e rg ie s  (1 Mev) th e  above p r e d ic t io n s  a re  b o rn e  o u t  o n ly  as A b e ­
comes v e ry  la r g e  (A >  1 5 0 ) .  F or n e u tro n s  o f 3 .1 5  Mev e n e rg y , th e  
v a lu e  to  be used i n  t h i s  e x p e r im e n t, th e  e f f e c t  sh o u ld  become more no­
t i c e a b le  a t  s m a lle r  v a lu e s  o f A a s  in d eed  w i l l  be  see n  to  be th e  c a s e . 
The d a ta  so o b ta in e d  is  t o  be com pared w ith  o th e r  p u b lis h e d  d a ta  a t  
e n e rg ie s  p ro x im ate  to  t h a t  u t i l i z e d  h e re  and to  th e  g e n e ra l  p r e d ic t io n s  
o f  o p t ic a l  model th e o ry .
CHAPTER II
APPARATUS AND PROCEDURE 
A p p ara tu s
The a p p a ra tu s  in  use  a t  L .S .U . f o r  th e  m easurem ent o f  a n g u la r  
d i s t r i b u t i o n s  o f  e l a s t i c a l l y  s c a t t e r e d  n e u tro n s  i s  a f a s t  n e u tro n  
s p e c tro m e te r  em ploying a Van de G ra a ff  a c c e l e r a to r ,  Mobley Ion  
B uncher1 and a s s o c ia te d  t i m e - o f - f l i g h t  eq u ipm en t. The p a r t i c u l a r  
t i m e - o f - f l i g h t  te c h n iq u e  i s  th e  p u ls e d  beam method w ith  a  tim e  s ig n a l  
d e r iv e d  from  th e  R-F v o l ta g e  u sed  to  p ro d u ce  b u r s ts  o f  io n s  and su b ­
s e q u e n t ly  n e u tro n s .
A. P ro d u c tio n  o f  n e u tro n s
1 . Io n  so u rc e
An R-F io n  so u rc e  o f  th e  ty p e  d eveloped  by Moak, R eese and
2
Good a t  Oak R idge i s  in c o rp o ra te d  in  th e  a c c e l e r a to r  and p ro v id e s
3
th e  d e u te ro n s  u sed  in  th e  D (d,n)H e r e a c t io n .  A f te r  e x t r a c t i o n  from  
th e  s o u rc e  th e  io n s  a re  a c c e le r a te d  by th e  Van de G ra a ff  and th e n  mag­
n e t i c a l l y  a n a ly z e d  to  s e p a r a te  th e  d e u te ro n s  from  any o th e r  io n s
*R. C. M obley, "P ro p o sed  Method f o r  P ro d u cin g  S h o r t In te n s e  
M ono en erg e tic  Ion  P u ls e s ,"  P h y s ic a l R eview , LXXXVIII (1 9 5 2 ) , 360.
o
C. D. Moak, H. R eese , J r .  and W. M. Good, "D esig n  and O pera­
t i o n  o f  a  R ad io -F req u en cy  Io n  Source f o r  P a r t i c l e  A c c e le r a to r s ,"  Nu­
c l e o n i c s ,  IX, 3 (S ep tem b er, 1 9 5 1 ), 18.
10
11
form ed in  th e  gas d is c h a rg e .  A f te r  s e l e c t i o n  o f  th e  p ro p e r  beam com­
p o n en t th e  co n tin u o u s  beam i s  s te e r e d  in to  th e  R-F chopp ing  s e c t io n  o f  
th e  Ion  B uncher.
2 . Ion  B uncher (F ig .  1 )
The co n tin u o u s  beam from  th e  Van de G ra a f f  i s  chopped in to  
b u r s t s  o f  a p p ro x im a te ly  40 nanosecond d u r a t io n  by d e f l e c t i o n  th ro u g h  
th r e e  s e t s  o f  dua l p l a t e s  a c ro s s  each  o f  w hich i s  an R-F v o l ta g e  (4500 
v . peak  to  p e a k ) . The phase  o f  th e  sweep v o l ta g e  i s  th e  same a t  e ac h  
s e t  o f  p l a t e s  w h ile  th e  sp a c in g  and t h e i r  le n g th  i s  d i c t a t e d  by a 
q u a n t i ty  X , ^ c a l l e d  th e  io n  wave le n g th .
X = v / f
w here v  i s  th e  io n  v e l o c i t y  and f  th e  sweep f re q u e n c y . T h is  s p a c in g  
i s  o n e -h a lf  X and th e  p h ase  change i s  180° th u s  a llo w in g  o n ly  io n s  
e n te r in g  th e  chopping  re g io n  a t  th e  r i g h t  p h ase  o f  th e  sweep v o l ta g e  
to  p a s s . A chopping  b lo c k  in s e r t e d  p a r t-w a y  in to  th e  p a th  o f th e  io n s  
t r a v e l i n g  a lo n g  th e  l i n e  th ro u g h  th e  m id -p o in t o f  th e  sp ac e  betw een  
th e  p l a t e s  s e l e c t i v e l y  removes one o f  th e  two p o s s ib le  com ponents o f  
th e  beam w hich w o u ld -o th e rw ise  p a ss  f o r  each  h a l f - c y c le  o f  R-F sw eep.
A f te r  t r a v e r s in g  t h i s  s e c t io n  th e  in d iv id u a l  b u r s t s  a re  sw ept 
a c ro s s  th e  in p u t f a c e  o f  th e  bunch ing  m agnet by a n o th e r  s e t  o f  p l a t e s  
spaced  o n e - fo u r th  X b e fo re  th e  l a s t  s e t  o f  chopp ing  p l a t e s .  The e f ­
f e c t  o f  th e s e  p l a t e s  i s  to  d e f l e c t  s u c c e s s iv e  p o r t io n s  o f  a  g iv e n  io n  
b u r s t  i n  a d i r e c t i o n  su ch  t h a t  th e  le a d  io n s  in  a  b u r s t  t r a v e l  a  lo n g ­
e r  f l i g h t  p a th  th ro u g h  th e  m agnet th a n  th o s e  a r r i v i n g  l a t e r  i n  a
C. M obley, " Io n  B uncher and Time o f F l i g h t  Equipm ent Re­
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manner su ch  t h a t  a l l  a r r i v e  a t  a  f ix e d  p o in t  beyond th e  m agnet a t  th e  
same t im e , b e in g  b ro u g h t to  a  fo cu s  by th e  m agnet i t s e l f .  F in a l  f o ­
c u s in g  on th e  t a r g e t  i s  accom plished  by th r e e  s e t s  o f  e l e c t r o s t a t i c  
le n s e s  w hich , w ith  th e  a id  o f  two c o l l im a to r s ,  p ro d u ce  a  beam s p o t 
s i z e  o f  th r e e  - e ig h th s  :‘.in ch .
3 . Gas T a rg e t
The t a r g e t  c e l l  c o n ta in in g  d e u te r iu m  gas i s  made in  two p a r t s
(F ig . 2 ) .  The f r o n t  p ie c e  i s  made o f  co p p er w i th  a  h e x a g o n a lly  c lo s e
packed g r id  o f  h o le s  o f  .0if6 in .  d ia m e te r  sp a c e d  .015 in .  a p a r t  to  a l -
*
low maximum beam p a ssa g e  w h ile  s u p p o r t in g  a  n ic k e l  f o i l .  The f o i l  i s  
25 m ic ro in c h e s  th ic k  to  red u ce  as much as  p o s s i b l e  th e  e n e rg y  lo s s  o f  
th e  in c id e n t  beam. I t  i s  bonded a t  i t s  p e r ip h e r y  to  th e  g r id  by a  s o ­
l u t i o n  o f  v in y l  p l a s t i c  in  a c e to n e  fo rm in g  a  g a s - t i g h t  s e a l . B ecause 
o f  h e a t  d i s s ip a t io n  o f  th e  en erg y  o f  th e  i n c id e n t  d e u te ro n  beam c o o l­
in g  m ust be p ro v id ed  and t h i s  i s  done by means o f  an  a i r  c o n d u it  
around th e  o u te r  d ia m e te r  o f  th e  g r i d .  Gas p r e s s u r e s  w ere n o m in a lly  
15 .0  p s i . . a b s o lu te  i o .5  p s i .
B. S c a t t e r e r s
The A l , S, V, and Co s c a t t e r e r s  were i n  th e  form  o f r i g h t  c i r ­
c u la r  c y l in d e r s  5 /8  i n .  i n  d ia m e te r  and 2 i n .  lo n g . The A l , V and Co 
c y l in d e r s  were easy  to  p re p a re  b ecau se  o f  t h e i r  m a l l e a b i l i t y ;  how ever, 
th e  S p re s e n te d  c o n s id e ra b le  d i f f i c u l t y  in  p r e p a r a t io n  b ecau se  o f i t s  
b r i t t l e n e s s  in  th e  p re p a re d  fo rm . A f te r  a  num ber o f  u n s u c c e s s fu l  a t ­
tem p ts  i t  was f i n a l l y  tu rn e d  to  th e  p ro p e r  s i z e  on  a  l a t h e .  The s c a t -  
t e r e r  h o ld e r  was made o f aluminum 1 /3 2  i n .  t h i c k  su p p o rte d  by a  s t e e l  
rod  1 /1 6  in .  in  d ia m e te r .
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FIG. 3  — DETECTOR AND SHIELD
C. D e te c tio n  o f n e u tro n s
1 . S c i n t i l l a t o r  and p h o to m u l t ip l ie r  ( F ig .  3)
The s c i n t i l l a t o r  u sed  was a  s t i l b e n e  c r y s t a l  1 1 /2  i n .  i n  d i ­
am eter and 2 in .  lo n g . T h is  was o p t i c a l l y  co u p led  to  a  56AVP h ig h  
g a in  p h o to m u l t ip l ie r  o p e r a t in g  n o m in a lly  a t  2200 v o l t s .  Two o u tp u ts  
from  t h i s  tu b e  were u t i l i z e d  in  a  c o in c id e n c e  c o u n tin g  a rra n g em en t. A 
f a s t  p u ls e  chan n e l was u sed  to  i n d ic a te  an  e v e n t ,  a  d e te c te d  n e u tro n ,  
w h ile  th e  slow  p u ls e ,  a f t e r  sh a p in g  to  m eet th e  re q u ire m e n ts  o f  th e  
p u ls e  h e ig h t  a n a ly z e r  c o in c id e n c e  in p u t ,  g a te d  th e  a n a ly z e r  f o r  p ro p e r  
c o in c id e n c e .  The tu b e  was c o o led  by means o f  a  co p p er ja c k e t  c o n ta in ­
in g  c o o l in g  c o i l s  th ro u g h  w hich w a te r  flow ed  a t  n e a r  f r e e z in g  tem p e ra ­
t u r e s .  T h is p ro v id ed  a  s t a b l e ,  r e p ro d u c ib le  en v iro n m en t as  w e ll as 
re d u c in g  p h o to m u l t ip l ie r  n o is e .  M agnetic  s h ie ld in g  was p ro v id e d  by a 
m u-m etal s h i e l d .
2 . S h ie ld in g  (F ig . 3)
The s c i n t i l l a t o r  and p h o to m u l t ip l ie r  a re  housed  i n  a  m assiv e  
s h i e l d  c o n ta in in g  le a d  to  a t t e n u a t e  gamma ra y s  and a  m ix tu re  o f  p a r a f ­
f i n  and l i th iu m  c a rb o n a te  ( I^ C O g )  to  a t t e n u a t e  room s c a t t e r e d  as w e ll 
a s  background n e u tro n s  in  g e n e r a l . T h is  l a t t e r  i s  acco m p lish ed  by th e  
m o d e ra tio n  o f th e  u n d e s ire d  n e u tro n s  to  th e rm a l e n e r g ie s ,  c a p tu r e  o f  
th e s e  by L i to  p roduce  a lp h a  p a r t i c l e s  w hich  a r e  th e n  e a s i l y  ab so rb ed  
by th e  rem a in d er o f  s h ie ld in g  m a t e r i a l . The le a d  i s  in  th e  form  o f  
r in g s  s i t u a t e d  c o n c e n t r i c a l ly  a lo n g  th e  c e n t r a l  a x is  o f  th e  t r u n c a te d  
cone fo rm in g  th e  s h ie ld  c o v e r in g  a p p ro x im a te ly  tw o - th i r d s  o f  i t s  ' 
l e n g th  m easured from  th e  r e a r  o f  th e  s h i e l d .  Im m ed ia te ly  in  f r o n t  o f  
th e  le a d  i s  a  c o l l im a to r  f i l l e d  w ith  th e  p a r a f f i n  -  L i2C0 2  m ix tu re  and
c o n ta in in g  a  r e c ta n g u la r  t h r o a t  th ro u g h  w hich th e  n e u tro n s  to  be 
co u n ted  p a ss  on t h e i r  way to  th e  d e t e c t o r .  The c r y s ta l - p h o to m u l t ip l i e r  
co m b in a tio n  e n te r s  th e  s h ie ld  th ro u g h  a  s id e  p o r t  w ith  th e  c r y s t a l  in  
th e  p a th  o f  th e  s c a t t e r e d  n e u tro n  beam. S u rro u n d in g  th e  le a d  r in g s  
and c o l l im a to r  i s  th e  rem a in d er o f  th e  p a r a f f i n  and I^ C O g . In  o rd e r  
to  s h ie ld  th e  t h r o a t  o f  th e  c o l l im a to r  from  any n e u tro n s  coming d i r e c t ­
ly  from  th e  t a r g e t  a  shadow b a r  made o f  tu n g s te n  and i r o n  i s  s i t u a t e d  
e x t e r i o r  to  th e  s h ie ld  and d i r e c t l y  in  f r o n t  o f  th e  c o l l im a to r .
3 . F a s t  channel ( F ig s .  4  and 5)
a )  Tunnel d io d e  d is c r im in a to r  ( F ig .  4 ) and a m p l i f i e r s . —The 
f a s t  p u ls e  o u tp u t from  th e  p h o to m u l t ip l ie r  i s  fe d  to  th e  in p u t  o f  a 
tu n n e l d io d e  d is c r im in a to r  whose b ia s  i s  s e t  to  a ch ie v e  th e  maximum 
p o s s ib le  s ig n a l  to  n o is e  r a t i o .  The o u tp u t  o f  t h i s  d is c r im in a to r  i s  
co u p led  to  th e  f i r s t  o f  two cascad ed  H e w le tt-P a c k a rd  460 a m p l i f i e r s .  
T h is  s ig n a l  i s  th e n  fe d  to  one ch an n e l o f  th e  t im e - to - p u ls e  h e ig h t  
c o n v e r te r  in  o rd e r  to  f i x  one end o f  t n , th e  n e u t r o n 's  tim e  o f f l i g h t .
b )  T im e - to -p u lse  h e ig h t  c o n v e r te r  and a m p l i f i e r s . —The TPH 
c o n v e r te r  i s  o f  th e  ty p e  dev elo p ed  by N e i l e r ^ a t  Oak R idge. The o th e r  
in p u t  needed to  f i x  th e  tim e i n t e r v a l  and hence p u ls e  h e ig h t  o f  th e  
o u tp u t s ig n a l  i s  p ro v id e d  by a  s ig n a l  d e r iv e d  from  th e  RF sweep v o l t ­
age by means o f  a p ic k -u p  lo o p  p la c e d  in  c lo s e  p ro x im ity  to  th e  ta n k  
c i r c u i t  o f  one o f  th e  s e t s  o f  d e f l e c t i n g  p l a t e s .  A f te r  b e in g  fe d  
th ro u g h  a  s te p  v a r i a b le  d e la y  l i n e ,  th e  RF s ig n a l  i s  a m p lif ie d  to  
s a t u r a t i o n  by th r e e  cascad ed  H-P460 a m p l i f ie r s  and. c l ip p e d  fo rm ing
^ J .  H. N e i le r ,  G. G. K e lle y  and P . R. B e l l ,  "M u ltich a n n e l Time 
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" p ip s ” o f s h o r t  d u r a t io n ,  f i n a l l y  becom ing th e  o th e r  in p u t  to  th e  TPH 
c o n v e r te r .  A lthough  many d e s c r ip t i o n s  i n  th e  l i t e r a t u r e  l a b e l  th e  RF 
d e r iv e d  s ig n a l  as th e  s t a r t  p u ls e  and th e  d e te c to r  s ig n a l  as th e  s to p  
p u ls e ,  in  many a p p l i c a t i o n s ,  in c lu d in g  th e  p r e s e n t  one , t h e  f u n c t io n  
o f e ac h  i s  r e v e r s e d .  The re a so n  f o r  t h i s  i s  c o n s id e r a t io n  o f th e  t o l ­
e ra n c e  to  h ig h  co u n t r a t e s  o f  th e  1MC a n a ly z e r  w hich i s  5 0 ,0 0 0  p ps. as 
com pared to  th e  6 . 8  m egacycles p e r  second  o f  th e  R-F sweep v o l ta g e .  
S in c e  r e l a t i v e  s e p a r a t io n  o f  th e  e l a s t i c  and i n e l a s t i c  peak s  i s  of 
p r im a ry  c o n ce rn  t h i s  m o d if ic a t io n  p r e s e n ts  no added d i f f i c u l t i e s .  The 
o u tp u t  o f  th e  TPH c o n v e r te r  i s  p a ssed  th ro u g h  a 3 .5  m ic ro seco n d  d e la y  
l i n e  to  e n su re  p ro p e r  g a t in g  by th e  p u ls e  from  th e  slow  c h an n e l and 
goes f i n a l l y  to  th e  s ig n a l  in p u t  o f  th e  p u ls e  h e ig h t  a n a ly z e r .
4 . Slow ch an n e l ( F ig .  5) and p r e a m p l i f i e r
a )  P r e a m p l i f i e r . —A W hite c a th o d e  fo l lo w e r  i s  u sed  as a  p r e ­
a m p l i f i e r  and i s  p h y s ic a l ly  s i t u a t e d  as  c lo s e  to  th e  p h o to m u l t ip l ie r  
a s  p o s s ib le  w hich in  t h i s  c a se  was a t  th e  e n tra n c e  to  th e  d e te c to r  
p o r t  in  th e  s h ie l d .
b ) N o n -o y erlo ad  a m p l i f i e r  and p u ls e  s h a p e r . — The slow  p u ls e  
from  th e  p h o to m u l t ip l ie r  goes to  a Hamner n o n -o v e rlo a d  a m p l i f i e r .
T h is  a m p l i f i e r  i s  equ ip p ed  w ith  a  d i s c r im in a to r  whose o u tp u t  i s  im­
p re s s e d  a c ro s s  a  Z ener d io d e . The c h a r a c t e r i s t i c s  o f  t h i s  d io d e  a r e  
su c h  t h a t  a  4 v o l t  one m icrosecond  p u ls e  o f  0 .2 5  m icrosecond  r i s e  
t im e , a s  r e q u ir e d  by th e  PH a n a ly z e r ,  i s  fe d  to  th e  c o in c id e n c e  g a t in g  
in p u t  o f  th e  PH a n a ly z e r .  D is c r im in a to r  b ia s  f o r  th e  Hamner a m p l i f ie r  
was s e t  by o b se rv in g  a  Co6^ re fe r e n c e  p u ls e - h e ig h t  sp ec tru m  and a d ­
j u s t i n g  th e  d is c r im in a to r  h e l ip o t  f o r  a  low n o is e  le v e l  a f fo rd in g  th e
optimum s ig n a l - to - n o i s e  r a t i o  un d er th e  o p e r a t in g  c o n d i t io n s .
5 . P u ls e  h e ig h t  a n a ly z e r  and p r i n t e r
The p u ls e  h e ig h t  a n a ly z e r  u sed  to  o b ta in  s p e c t r a  i s  a T ech n ica l 
M easurem ents C o rp o ra tio n  (TMC) Model 402 d u a l in p u t  400 ch an n e l i n ­
s tru m e n t w ith  c o in c id e n c e - a n t i - c o in c id e n c e  modes o f  o p e r a t io n  and CRT 
d is p la y .  The base  l i n e  and g a in  s e t t i n g s  o f  t h i s  d e v ic e  were su ch  as 
to  a llo w  p o s i t io n in g  o f  th e  e n t i r e  ra n g e  o f  TPH p u ls e s  w ith in  a  100 
ch annel segm ent o f  th e  a n a ly z e r 's  memory w ith  th e  e l a s t i c  and i n e l a s ­
t i c  n e u tro n  peaks as w e ll a s  th e  gamma peak  s u i t a b l y  spaced  to  a f fo rd  
th e  m ost in fo rm a tio n . A lthough  th e  e n t i r e  memory was a v a i l a b le  f o r  
s to ra g e  on any ru n  o n ly  one q u a d ra n t was u sed  so as  to  p ro v id e  an in ­
s ta n ta n e o u s  com parison  o f  s c a t t e r e d  and background s p e c t r a .  F u r th e r ,  
i t  was found  t h a t  u s in g  o n ly  one q u a r t e r  o f  th e  memory a t  a  tim e s t i l l  
a llo w ed  f o r  a  re a s o n a b le  number o f  c h a n n e ls  f o r  s t a t i s t i c a l  p u rp o ses  
as  w e ll a s  tim e  c a l i b r a t i o n .  L iv e  tim e  d a ta  f o r  a  p a r t i c u l a r  ru n  were 
s to r e d  in  th e  m ag n etic  c o re  memory o f  th e  TMC and p r in t e d  on a  TMC 
p r i n t e r  a t  th e  c o n c lu s io n  o f  a ru n .
6 . M on ito r (F ig .  6 )
A lthough  th e  s c a t t e r e d  n e u tro n s  o f  i n t e r e s t  a re  d e te c te d  by th e  
c r y s t a l  and p h o to m u l t ip l ie r  in  th e  s h ie l d  m en tioned  e a r l i e r  a second 
d e te c to r  i s  p la c e d  in  a s m a l le r  s h i e l d  a t  90° w ith  r e s p e c t  to  th e  i n ­
c id e n t  beam and above th e  t a r g e t  t o  r e c e iv e  an  u n s c a t te r e d  f lu x  o f  
n e u tro n s .  T h is  m o n ito r c o u n t s e rv e s  as  a  n o rm a liz a t io n  f a c t o r  f o r  
each  a n g u la r  s e t t i n g  by p ro v id in g  a  f ix e d  number o f  t o t a l  co u n ts  to  be 
reach ed  in d e p en d e n t o f  f l u c t u a t i o n s  in  d e u te ro n  beam c u r r e n t  on 
t a r g e t .  For t h i s  p u rp o se  a  second  56AVP w ith  p l a s t i c  s c i n t i l l a t o r  i s
20
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u se d , th e  o u tp u t o f  w hich  i s  a g a in  fe d  t o  a  W hite c a th o d e  fo l lo w e r  b e ­
f o r e  a m p l i f i c a t io n  by a  Hamner N on-O verload  A m p lif ie r .  T h is  a m p lif ie d  
o u tp u t  i s  th e n  fe d  to  a  s u i t a b l y  b ia s e d  s c a l e r  to  o b ta in  th e  d e s i r e d  
n o r m a liz a t io n  t o t a l  c o u n t.
P ro c e d u re
In  p re p a r in g  to  ta k e  d a ta  f o r  an  a n g u la r  d i s t r i b u t i o n  th e  Van 
de G ra a f f ,  Io n  S o u rce , Io n  B uncher and d e te c t io n  sy stem  w ere ru n  f o r  
one to  two h o u rs  in  o r d e r  to  a s s u r e  beam s t a b i l i t y  and e q u i l ib r iu m  
c o n d i t io n s .  In  a d d i t io n  th e  w a te r - c o o l in g  system  was o p e ra te d  f o r  th e  
same p e r io d  o f  tim e  so  t h a t  th e rm a l e q u i l ib r iu m  w ould be re a c h e d . The 
c h o ic e  o f  method f o r  m e asu rin g  a b s o lu te  d i f f e r e n t i a l  c ro s s  s e c t io n s  
d i c t a t e d  ta k in g  d a ta  w ith  th e  d e t e c to r  a t  0 °  w ith  r e s p e c t  to  th e  i n c i ­
d e n t beam o f  n e u tro n s  w ith o u t th e  s c a t t e r e r  in  p la c e  and th u s  a f t e r  
t h i s  i n i t i a l  warm-up p e r io d  th e  s h i e l d  was moved to  th e  fo rw a rd  d i r e c ­
t i o n  and s e v e ra l  ru n s  w ere made to  a f f o r d  a  good a v e rag e  v a lu e  f o r  th e  
d i r e c t  beam c o u n t. The d e t e c to r  was r e tu r n e d  to  th e  fo rw a rd  d i r e c t i o n  
a f t e r  e v e ry  two o r  t h r e e  a n g u la r  s e t t i n g s  in  o rd e r  to  ta k e  in to  a c -  . 
co u n t any d r i f t  i n  th e  e l e c t r o n i c s  be tw een  d i r e c t  beam m easurem ents. 
For th e s e  d i r e c t  beam c o u n ts  th e  beam c u r r e n t  was reduced  from  th e  av­
e ra g e  o f  6  t o  8  m icroam peres o f  d e u te ro n s  in c id e n t  on t a r g e t  d u r in g  
ru n s  a t  th e  v a r io u s  a n g le s  to  3 to  4  m icroam peres in  o r d e r  n o t  to  
o v e r lo a d  th e  TPH c o n v e r te r .
The ran g e  o f  a n g le s  m easured  was from  20 t o  140 d e g r e e s . At 
a n g le s  s m a l le r  th a n  2 0  d e g re e s  th e  num ber o f  n e u tro n s  re a c h in g  th e  de­
t e c t o r  d i r e c t l y  from  th e  t a r g e t  was to o  g r e a t  to  a llo w  s u f f i c i e n t  
s h ie l d in g  w ith  th e  shadow  b a r .  The l i m i t  in  th e  back d i r e c t i o n  i s
im posed by th e  b u lk  o f  th e  s h ie ld  w hich came in  c lo s e  p ro x im ity  to  th e  
d r i f t  tu b e  o f  th e  a c c e l e r a to r  a t  140 d e g r e e s . At a  g iv e n  a n g u la r  s e t ­
t i n g  s c a t t e r e d  co u n t re c o rd s  w ere made w ith  th e  s c a t t e r e r  o u t t o  p ro ­
v id e  a  background c o u n t and th e n  w ith  each  o f  th e  s e v e r a l  s c a t t e r e r s  
in  p la c e .  Each s e p a r a te  ru n  l a s t e d  from  10 to  20 m in u tes  u n t i l  a  t o ­
t a l  o f  192 ,000  c o u n ts  w ere accu m u la ted  in  th e  m o n ito r s c a l e r .  The 
s to r e d  c o u n t in  th e  a n a ly z e r  f o r  each  ru n  was th e n  p r in t e d  o u t f o r  
l a t e r  a n a ly s i s .
Io n  b u r s t  d u r a t io n  was m easured  w ith  a  T e k tro n ix  545 O s c i l l o ­
sco p e  eq u ip p ed  w ith  a  Type N p lu g - in  u n i t .  The s ig n a l  from  a p ro b e  
in s id e  th e  d r i f t  tu b e  o f th e  a c c e l e r a to r  was fe d  to  a  Type 110 P u ls e  
G e n e ra to r  and T r ig g e r  T ake-O ff System  w hich p ro v id e d  th e  p ro p e r  t r i g ­
g e r in g  o f  th e  545 f o r  a  d i s p la y  o f  th e  io n  b u r s t  w id th . M easurem ents 
made in  t h i s  way showed a  nom inal 2 .5  nanosecond  p u ls e  w id th .
Time c a l i b r a t i o n  o f  th e  PH a n a ly z e r  was acco m p lish ed  by v a ry in g  
th e  p o s i t i o n  o f  th e  e l a s t i c  peak  i n  th e  sp ec tru m  w ith  th e  s te p  d e la y  
l i n e  in  th e  s to p  ch an n e l o f  th e  TPH c o n v e r te r .  T h is  d e la y  i s  changed  
a  f ix e d  number o f  nanoseconds d u r in g  re p e a te d  ru n s  a t  a  g iv e n  a n g le  
( 0 ° )  and an a v e rag e  i s  ta k e n  o f  th e  number o f  c h a n n e ls  th ro u g h  w hich 
th e  peak  s h i f t s  f o r  e ach  o f  th e  in c re m en ts  in  d e la y .  The tim e p e r  
c h an n e l i s  o b ta in e d  by d iv id in g  th e  d e la y  in  nanoseconds by th e  number 
o f  c h a n n e ls  betw een p e a k s . In  t h i s  c a se  t h i s  f ig u r e  was 1 .2 5  n a n o se c ­
o n d s . S in ce  th e  e x p e r im e n ta l peak s  a r e  a p p ro x im a te ly  5 c h a n n e ls  w ide 
( f u l l  w id th - h a l f  maximum) th e  tim e  r e s o l u t i o n  i s  6 .2 5  n an o seco n d s . 
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CHAPTER III
ANALYSIS OF AND CORRECTIONS TO DATA 
A n a ly s is
B efo re  u t i l i z i n g  th e  raw  d a ta  o b ta in e d  from  th e  a n a ly z e r  c e r t a i n  
o th e r  f a c t o r s  have to  be known to  c o n v e r t  t h i s  d a ta  in to  c ro s s  s e c t io n s  
becau se  o f  th e  n o n - id e a l  e x p e r im e n ta l c o n d i t io n s ,  su ch  as a  r e l a t i v e l y  
th i c k  t a r g e t  and ex ten d ed  form  o f  th e  s c a t t e r e r .  The number and en erg y  
o f  n e u tro n s  p roduced  in  th e  D (d,n)H e r e a c t i o n  a re  s e n s i t i v e  b o th  to  
th e  en erg y  o f  th e  d e u te ro n s  and th e  a n g le  a t  w hich th e y  a re  m easured . 
S in ce  th e  t a r g e t  i s  th i c k  and ch arg ed  p a r t i c l e s  g iv e  up t h e i r  energy  
r e a d i l y  in  t r a v e l in g  th ro u g h  m a tte r  n e u tro n s  o f  d i f f e r e n t  e n e rg ie s  a re  
p roduced  a t  d i f f e r e n t  p o in ts  in  th e  t a r g e t  b ecau se  o f  th e  s t r a g g l in g  
in  e n e rg y  o f  th e  d e u te ro n s  t r a v e r s i n g  th e  t a r g e t .  Thus th e  energ y  o f  
th e  d e u te ro n s  a t  a  number o f  r e p r e s e n ta t i v e  p o in ts  i n  th e  t a r g e t  w i l l  
have to  be d e te rm in ed  and w ith  t h i s  th e  c r o s s  s e c t io n  f o r  th e  n e u tro n  
p ro d u c in g  r e a c t io n  can  be o b ta in e d  from  p u b lis h e d  t a b l e s .*  The neu­
t r o n  e n e rg y  a s s o c ia te d  w ith  d e u te ro n s  o f  a  p a r t i c u l a r  en e rg y  can  s im i­
l a r l y  be fo u n d . The o v e r a l l  e f f e c t  i n  p ro d u c in g  n e u tro n s  can  th e n  be 
o b ta in e d  by summing th e  c o n t r ib u t io n s  from  e ac h  o f th e  v a r io u s  p o in ts  
in  th e  t a r g e t .  L ik e w ise , th e  a v e rag e  n e u tro n  e n e rg y  and th e  e f f e c t i v e  
sp re a d  in  e n e rg y  can  be c a l c u l a t e d .
* J . B. M arion , N u c le a r  D ata T a b le s , P a r t  3 , (W ashing ton : U .S .
Government P r in t i n g  O f f ic e ,  1 9 6 0 ).
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nThe d e te r m in a t io n  o f  d e u te ro n  en erg y  a t  d i f f e r e n t  p o in t s  p r o ­
ceeds from  a  c o n s id e r a t io n  o f  th e  fo llo w in g  r e l a t i o n :
£ = - (1 /N X d E /dX )  Cl)
where €  i s  th e  s to p p in g  c ro s s  s e c t io n  o f  th e  atoms o r m o lecu le s  o f
2
th e  medium u n d e r c o n s id e r a t io n  e x p re sse d  i n  ev-cm . :
3
N -  number o f  atom s o r  m o lecu les  p e r  cm. 
dE/dX * en e rg y  l o s s  p e r  u n i t  p a th  le n g th  
I f  th e  l a t t e r  were a  l i n e a r  fu n c t io n  o f  d is ta n c e  th ro u g h  th e  a b so rb in g  
medium th e  en e rg y  lo s s  and hence rem a in in g  en erg y  a t  each p o in t  in  th e  
t a r g e t  c o u ld  be q u ic k ly  d e te rm in e d . U n fo r tu n a te ly ,  no such  s im p le  r e ­
l a t i o n  e x i s t s .  In  f a c t ,  th e  s to p p in g  c ro s s  s e c t io n  in  a -g iv e n  m a te r i ­
a l  i s  a  f u n c t io n  o f  th e  v e l o c i t y  as  w e ll a s  th e  charg e  o f th e  in c id e n t
9
p a r t i c l e .  Thus i t  i s  n e c e s s a ry  to  make a  s im p lify in g  a ssu m p tio n , 
nam ely , t h a t  o v e r  a  sm a ll d i s ta n c e  in  th e  t a r g e t  th e  e n e rg y  lo s s
i s  g iv e n  b y : ‘
E. = -  € i N A x i  (2 )
w here ^  i s  d e te rm in ed  g r a p h ic a l ly  f o r  th e  in c id e n t  d e u te ro n  e n e rg y  
a t  e ac h  segm ent o f  th e  t a r g e t .  A s t a r t i n g  v a lu e  i s  o b ta in e d  by c a lc u ­
l a t i n g  th e  e n e rg y  l o s t  i n  t r a v e r s in g  th e  n ic k le  f o i l  u s in g  th e  same 
a p p ro x im a tio n  as  above. U sing  th e  a p p ro p r ia te  g raph  and c o n v e rs io n
O
f a c t o r s  th e  en e rg y  l o s t  i n  th e  f o i l  i s  found to  be 140 k ev . w hich 
le a v e s  th e  d e u te ro n s  i n c id e n t  on th e  f i r s t  gas segm ent w ith  an e n e rg y  
o f  360 k e v . R ep e a tin g  th e s e  c a lc u la t io n s  f o r  each  o f  th e  i  segm ents
2
W. W haling , "E nergy  Loss o f  C harged P a r t i c l e s  in  M a t te r ,"  
Handbuch d e r  P h y s ik , e d . S . F lu g g e , XXXIV ( B e r l in :  S p r in g e r -V e r ia g ,
1 9 5 8 ), 195.
3Ibid., 201.
th e  e n e rg y  lo s s  in  each  o f  th e s e  and c o n se q u e n tly  th e  In c id e n t  en erg y  
a t  e ach  su b seq u en t segm ent i s  d e te rm in e d . W ith  t h i s  c a lc u la te d  d a ta  a 
t a b l e  can  be form ed l i s t i n g  d e u te ro n  e n e rg y  and th e  a s s o c ia te d  D (d ,n ) 
c ro s s  s e c t io n  w ith  i t s  accom panying n e u tro n  en e rg y  (T a b le  I ) .  The 
c ro s s  s e c t io n s  w i l l  be u s e f u l  f o r  l a t e r  c a l c u l a t i o n s  w h ile  th e  n e u tro n  
e n e rg ie s  can  be u sed  to  c a l c u l a t e  th e  e f f e c t i v e  e n e rg y  sp re a d  and av ­
e ra g e  en e rg y  o f  th e  n e u tro n s  p ro d u ced .
S in c e  th e  n e u tro n  e n e rg y  i s  a  f u n c t io n  o f  d e u te ro n  en erg y  and 
a n g le  o f  n e u tro n  d i r e c t i o n  th e  a v e ra g in g  w i l l  be done u s in g  th e  neu ­
t r o n  p ro d u c in g  r e a c t io n  c r o s s  s e c t io n  a s  th e  w e ig h tin g  f u n c t io n .  W ith 
t h i s ,  En , th e  av e rag e  n e u tr o n  en erg y  i s  g iv e n  by:
\  = ( £  C (E d A e ^ / C S  (T(Ed i > A e ^  (3 )
w here A e ^ i s  g iv e n  by(dE /dX )A X £ and 0*(Ed ^) i s  th e  D (d ,n ) c ro s s  s e c ­
t i o n  f o r  d e u te ro n s  o f  e n e rg y  E ^  . The sum m ation i s  o v e r th e  number o f 
segm ents in  th e  t a r g e t  w h ich  in  t h i s  c a s e  i s  eq u a l to  e le v e n  and each  
i s  0 . 1  cm.
H aving d e te rm in ed  th e  e f f e c t i v e  s p re a d  i n  n e u tro n  e n e rg y
can  be com puted from  th e  fo l lo w in g :
= ( i » £ K  - EJ  w
i = l  1
U sing En from  above and En  * from  th e  t a b l e  th e  s p re a d  i s  s e e n  to  be
i
+ 0 .150  Mev.
I n  th e  fo re g o in g  a n a ly s i s  o n ly  th e  0° n e u tro n s  w ere c o n s id e re d . 
A lthough  in  th e  fo l lo w in g  th e  a n g u la r  s p re a d  o f  n e u tro n s  w i l l  be d i s ­
c u sse d  i t  i s  o n ly  th e  r e l a t i v e  number o f n e u tro n s  i n  sm a ll a n g le s  ab o u t
TABLE I








d C T /d A (0 ° ,E  ) 
ui
( m b / s te r .)





1 0 . . 1 .360 12 .5 0 . 2 1 0 3 .30
2 0 . 1 .339 11 .9 5 .215 3 .27
3 0 . 1 .317 11 .1 5 .225 3 .23
4 0 . 1 .294 10 .30 .233 3.20
5 0 . 1 .270 9 .3 5 .245 3 .16
6 0 . 1 .245 8 .3 5 .260 3 .12
7 0 . 1 .219 7 .20 .277 3 .08
8 0 . 1 .181 5 .30 .297 3.01
9 0 . 1 .151 3 .9 5 .320 2.95
1 0 0 . 1 .119 2 .7 0 .347 2.89
1 1 0 . 1 .084 1  .60 .380 2.79
W
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0 ° as d e te rm in ed  by t h e  D (d ,n ) c r o s s  s e c t io n  w hich  a r e  o f  im p o rtan ce  in  
d e te rm in in g  f l u x .  S in c e  t h e i r  lo s s  in  e n e rg y  i s  sm a ll com pared to  th e  
fo rw a rd  d i r e c t io n  n e u tro n s  t h i s  e f f e c t  was n e g le c te d  in  th e  above.
Having d e te rm in ed  th e  D (d ,n ) c ro s s  s e c t io n  a t  v a r io u s  p o in ts  in  
th e  t a r g e t  th e  a n a ly s is  can now be ex ten d e d  to  th e  s c a t t e r i n g  o f  th e  
n e u tro n s  produced a t  th e s e  p o in ts  by th e  s c a t t e r e r .  I t  i s  more con­
v e n ie n t  to  s t a r t  from  an  e x p re s s io n  f o r  t h e  s c a t t e r e d  y i e ld  th a n  th e  
d e f in in g  e q u a tio n  f o r  c ro s s  s e c t io n s  as w i l l  be see n  in  th e  fo llo w in g . 
T h is e x p re s s io n  is  g iv e n  by:
N ( s c a t te r e d )  = I  ( i n c i d e n t ) d G /di"L(E , 0 ) N  A t  A (5 )n n n s  s s
where ^ ( s c a t t e r e d )  = number o f n e u tro n s  o f  en e rg y  s c a t t e r e d  in to
u n i t  s o l id  a n g le  a b o u t 0 / s e c .
I n( in c id e n t)  = n e u tro n  f l u x  ( n e u t r o n s /s q  .c m . / s e c . )  in c id e n t  on 
s c a t t e r e r
d 0‘/djQ .(En , 0 )  = d i f f e r e n t i a l  c ro s s  s e c t io n  f o r  s c a t t e r i n g  o f  
n e u tro n s  o f  e n e rg y  Er  i n to  u n i t  s o l i d  a n g le  
ab o u t 0  i n  l a b o r a to r y  sy stem  o f  c o o r d in a te s ;  
d e f in e d  as (num ber o f  n e u tro n s  o f  e n e rg y  E /  
s t e r a d i a n / s e c . )  ► (num ber o f  in c id e n t  n e u tr o n s /  
s q .c m ./ s e c . )
N = number o f s c a t t e r i n g  n u c le i  p e r  u n i t  volume o f s
s c a t t e r e r
A t_  = th ic k n e s s  o f  s c a t t e r i n g  m a te r ia l  s
A = a re a  o f  s c a t t e r i n g  sam ple norm al to  in c id e n t  s
beam
The f a c t o r  d ( T / d f l i s  t h a t  to  be c a lc u la te d  and i s  d e r iv e d  th e o ­
r e t i c a l l y  under th e  assu m p tio n s  o f  a  t h i n  s c a t t e r e r  and an in c id e n t  
p a r a l l e l  m onochrom atic beam. S a t i s f y in g  th e s e  c o n d i t io n s  experim en­
t a l l y  r e q u i r e s  "good geom etry" w hich  i s  n o t alw ays o b ta in a b le  in  p r a c ­
t i c e .  B ecause  o f th e  th ic k n e s s  o f  th e  s c a t t e r e r ,  i t s  le n g th  and th e  
f a c t  t h a t  n e u tro n s  a r e  e m it te d  a t  a l l  an g le s  from  d i f f e r e n t  p o in ts  in  
th e  t a r g e t  th u s  fo rm in g  a d iv e rg e n t  beam, th e  above e x p re s s io n  f o r  th e  
s c a t t e r e d  n e u tro n s  has to  be m o d if ie d  and c o n s id e re d  as  p e r t a in in g  to  
a  sm a ll r e p r e s e n ta t i v e  volume e lem en t o f  a re a  A as i n  th e  s c a t t e r e r .  
The n e t  c o n t r ib u t io n  to  th e  s c a t t e r i n g  can  th e n  be o b ta in e d  by summing 
o v e r  th e  t a r g e t  and th e  s c a t t e r e r .
The a t t e n u a t io n  o f th e  in c id e n t  n e u tro n  beam due to  s c a t t e r e r
th ic k n e s s  i s  ta k e n  in to  a cc o u n t by m u l t ip ly in g  (5 )  by exp(-N  0 \p t_ )
S J. s
w here (J^  i s  th e  t o t a l  c ro s s  s e c t io n  f o r  3 .1 5  Mev. n e u tro n s . A n o th er 
a s p e c t  a s s o c ia te d  w ith  th e  p rob lem  o f  th ic k n e s s  i s  t h a t  o f  m u l t ip le  
s c a t t e r i n g  how ever, s in c e  th e  mean f r e e  p a th  i n  each  s c a t t e r e r  i s  
l a r g e  com pared w ith  th e  d ia m e te r  i t  w i l l  n o t be t r e a t e d  in  th e  p r e s e n t  
i n s t a n c e .
The d iv e rg e n c e  o f  th e  n e u tro n  beam and th e  le n g th  o f  th e  s c a t ­
t e r e r  c o n t r ib u te  t o  th e  y i e ld  a t  a  p a r t i c u l a r  ©^ by ad d in g  n e u tro n s  
s c a t t e r e d  a t  a n g le s  o th e r  th a n  th e  d e s i r e d  ©^ b u t w hich n e v e r th e le s s  
a r e  a b le  to  r e a c h  th e  d e t e c t o r .  S in c e  th e  in c id e n t  i n t e n s i t y  a t  each  
s c a t t e r i n g  e lem en t v a r i e s  as  th e  a n g le  betw een th e  r a d iu s  v e c to r  from  
th e  t a r g e t  p o in t  to  th e  e lem en t u n d e r c o n s id e r a t io n  and th e  d i r e c t i o n  
o f  th e  in c id e n t  d e u te ro n  beam e ac h  o f  th e s e  a n g le s  m ust be d e te rm in e d . 
T h is  i s  done by a n a ly z in g  th e  e x p e r im e n ta l geom etry  i n  te rm s o f  i t s  
known d i s ta n c e s  and c o n s u l t in g  a  t a b l e  f o r  th e  D (d ,n ) r e a c t io n  as a
32
function of angle (Table I I ) .  The expression for the flux incident on 
the representative element from a p a r ticu la r  ta rg e t point where the 
deuteron energy is Ed is given by:
In(incident) = I d(incident)d (T /d f irC D .d )^ ^ ^  A t tAt  (6)
times (d f l tg/A A g)
where I^Cincident) = incident in ten s ity  of deuterons on ta rge t
dO V dfL (£D,d) ,Ed ]  = n e u tro n  p ro d u c in g  r e a c t io n  c ro s s  s e c t io n  in  la b
system for deuterons of energy Ed
3
Nt  = number of ta rge t nuclei per cm.
A t t  = thickness of ta rg e t segment under consideration 
At  = area of ta rge t segment 
dfl. = so lid  angle subtended by sca tte re r  element a t
u  S
point in ta rge t
Aa_ = area of sc a tte re r  element s
The quotient in (6) converts the scattered flux from neutrons per 
solid  angle to in tensity  - neutrons/sq.cm./sec.
In addition to the above the detected yield  will also include 
the detector efficiency 7^(En) and the element of so lid  angle d£lgd 
subtended by the detector at the sc a tte re r  element. Combining a l l  
these gives the following:
Ngc(d e t .)  = H  Z27)exp(-Ng tfTt g) I d( in c .(d 0 V d n )D>dNt A t t  (7) 
t  s ’
tim e s  At ( d O tg /A A s ) d ( T /d a ( E n , 0 i )NgA t gA A gd n .gd
I f  the above re la tion  is to be used to calcu la te  d 0ydfl(En , Q^) 
i t  must f i r s t  be put in a form more su itable  for ready computation.
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TABLE I I













0 4 .3 0 6 .3 3 9 .1 9 11 .75
1 4 .3 0 6 .3 3 9 .19 1 1 .7 4
2 4 .2 9 6 .3 2 9 .1 8 11 .72
3 4 .2 9 6 .32 9 .1 7 1 1 . 6 8
4 4 .2 8 6.31 9 .15 11 .65
5 4 .2 8 6 .2 9 9 .12 11 .63
6 4 .2 7 6 .27 9 .0 9 11 .59
7 4 .2 6 6 .2 5 9 .0 5 11 .5 4
8 4 .2 5 6 . 2 2 9 .02 11 .46
9 4 .2 3 6 .19 8 .9 7 11 .4 0
1 0 4 .2 0 6 .16 8 .9 2 11 .33
1 1 4 .1 8 6 .13 8 . 8 6 1 1 .2 4
1 2 4 .1 6 6 .09 8 .7 9 11.15
13 4 .1 3 6 .05 8 .72 1 1 .0 4
14 4 .1 1 6 . 0 0 8 .6 4 10 .92
15 4 .0 9 5 .95 8 .5 6 10 .78
16 4 .0 5 5 .89 8 .4 9 10 .67
17 4 .0 3 5 .8 4 8 .4 0 10 .55
18 4 .0 0 5 .7 8 8 .3 0 10 .42
19 3 .97 5.71 8 . 2 0 10 .28
2 0 3.95 5 .65 8 . 1 0 10 .15
2 1 3.91 5 .5 7 8 . 0 1 1 0 . 0 0
2 2 3.88 5 .52 7 .89 0 9 .8 4
23 3 .8 5 5 .4 5 7 .7 8 09.68
24 3.82 5 .39 7.67 09 .52
25 3 .78 5.31 7 .56 09 .3 6
26 3 .73 5 .2 4 7 .4 4 09 .22
27 3 .69 5 .16 7.32 09 .0 6
28 3 .65 5 .0 9 7 .19 08 .90
29 3 .60 5 .02 7 .06 08 .72
30 3 .57 4 .9 3 6 .96 08 .5 4
31 3.51 4 .8 6 6 .8 2 08 .35
32 3 .47 4 .7 8 6 .7 0 08 .16
33 3 .43 4 .7 0 6 .5 7 07 .98
34 3 .38 4 .6 2 6 .46 07 .80
35 3 .33 4 .5 4 6 .3 4 0 7 .6 4
S in c e  d (7/d.0.(En , 0 ^ )  i s  d i f f e r e n t  f o r  e a c h  o f th e  a n g le s  in v o lv e d  in  
th e  s c a t t e r i n g  an  av erag e  m ust be ta k e n  d en o ted  by d 0 ‘/ d f l ( En , 0 ^ ) .
The e f f e c t  o f  t h i s  av e rag in g  can  l a t e r  be  r e v e rs e d  by means o f  th e  an ­
g u la r  r e s o lu t io n  f u n c t io n  to  be c o n s id e re d  in  th e  c o r r e c t io n s  to  ex­
p e r im e n ta l d a ta .  The a t t e n u a t io n  f a c to r  can  s i m i l a r l y  be re p la c e d  by 
an av e rag e  v a lu e  d e s ig n a te d  K , a l s o  to  be d e te rm in e d  l a t e r  (A ppendix 
C ) . I f  th e  e f f i c i e n c i e s  7] and  th e  o th e r  q u a n t i t i e s  a r e  known th e
a b s o lu te  d i f f e r e n t i a l  c ro s s  s e c t i o n  can th e n  be c a l c u l a t e d .
The s t i l b e n e  c r y s t a l  makes use o f  th e  l a r g e  ( n ,p )  c r o s s  s e c t io n
to  p roduce  r e c o i l  p ro to n s  w hich i n  tu rn  s t im u la te  s c i n t i l l a t i o n s  in
th e  c r y s t a l .  S in c e  th e  p u ls e  h e ig h t  re sp o n se  o f  s t i l b e n e  to  p ro to n s
4as a  fu n c t io n  o f  energ y  i s  n o n - l i n e a r  a  d e te r m in a t io n  o f  e f f i c i e n c y  
i s  d i f f i c u l t .  I n  a d d i t io n ,  7J(En ) i s  a l s o  a f f e c te d  by r e l a t i v e  o r i e n ­
t a t i o n  o f  th e  c r y s t a l  and p h o to e le c t r i c  e f f i c i e n c y  o f  th e  p h o to m u lti­
p l i e r  p h o to c a th o d e . B ecause o f  th e s e  f a c t o r s  i t  m ust be re p la c e d  by 
an av e rag e  v a lu e .  T his av erag e  i s  w ith  r e s p e c t  to  e n e rg y  o n ly  s in c e  
th e  o th e r  p a ra m e te rs  rem ain  th e  same f o r  a l l  a n g le s .  When t h i s  i s  
done th e  e f f i c i e n c i e s  can  be e l im in a te d  e n t i r e l y  from  f u r t h e r  c o n s id ­
e r a t i o n  by an e x p e r im e n ta l te c h n iq u e  u sed  by B a r s c h a l l .^
By c o n s id e r in g  th e  number o f  n e u tro n s  d e te c te d  in  th e  fo rw ard  
d i r e c t i o n  ( 0 ° )  w ith  th e  s c a t t e r e r  removed an e x p re s s io n  f o r  t h i s  co u n t 
can  be d e r iv e d  i n  a  manner a n a lo g o u s  to  t h a t  above f o r  th e  s c a t t e r e d  
n e u tro n  c o u n t. T h is r e l a t i o n  w i l l  a ls o  c o n ta in  th e  e f f i c i e n c y  and i f
h
J .  B. B i r k s ,  "The S p e c i f ic  F lu o re sc e n c e  o f  A n th racen e  and o th ­
e r  O rg an ic  M a te r ia l s ,"  P h y s ic a l Review , LXXXIV (1 9 5 1 ) , 364.
5
M. W alt and H. H. B a r s c h a l l ,  " S c a t t e r in g  o f  1 Mev N eu trons by 
In te rm e d ia te  and Heavy E le m e n ts ,"  P h y s ic a l R eview , X C III (1 9 5 4 ) , 1062.
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t h e  r a t i o  o f  s c a t t e r e d  co u n ts  to  d i r e c t  beam c o u n ts  i s  ta k e n , th e  e f ­
f i c i e n c i e s  a s  w e ll as s e v e r a l  o th e r  q u a n t i t i e s  w i l l  c a n c e l .  T h is
te c h n iq u e  h as  been  used  in  t h i s  l a b  by o th e r  e x p e r im e n te rs  and a  com­
p a r i s o n  of t h e  r e s u l t s  o b ta in e d  by t h i s  m ethod w ith  th o s e  o b ta in e d  by 
a  d e te rm in a tio n  o f  e f f i c i e n c y  by th e  p o ly th e n e  m ethod f o r  s c a t t e r i n g  
by ca rb o n  showed agreem ent w ith in  ±2.5%.
The number o f  n e u tro n s  d e te c te d  i n  th e  fo rw a rd  d i r e c t i o n  i s  
g iv e n  by:
N ° (d e te c te d )  = £  I , ( i n c . ) ( d  0 V d H ) n A t  A dfl. . ( 8 )n d D,d t  t  t  td
where d f l td  i s  th e  s o l id  a n g le  su b ten d ed  by th e  d e te c to r  a t  th e  t a r g e t  
and th e  o th e r  q u a n t i t i e s  a re  th o s e  d e f in e d  e a r l i e r .  Form ing th e  quo­
t i e n t  o f  s c a t t e r e d  d e te c te d  n e u tro n s  to  d e te c te d  n e u tro n s  i n  th e  f o r ­
ward d i r e c t i o n :
N®c ( d e te c te d )
N° ( d e te c te d )  n
£ £ 7 7 K s IdCinc.)' <d<r/dja)D|dNt  A t t At  (9)
t  s
tim es d H t s d 0 V d f I (E n , 0 ^ )N SA t gd f l g d .
I d ( i n c . )  C d C r/d H )D>dNt  A t t At d& td
th e  q u a n t i t i e s  Nfc, A t fc, and y j  a re  o b se rv ed  to  be c o n s ta n t  and can  
th e r e f o r e  be  c a n c e l le d .  F u r th e r ,  th e  I d ' s  c an  be c o n s id e re d  to  be av ­
e ra g e d  by th e  sum m ation and s in c e  d & gd and dQ-td  a r e  a p p ro x im a te ly  
e q u a l ,  th e s e  f a c to r s  c an  l ik e w is e  be c a n c e l le d .  The r e s u l t i n g  e x p re s ­
s io n  can  th e n  be s o lv e d  f o r  d (T /d I I (E n , Q /)  w hich i s  found to  be:
T 0ydfl.C E n , 0 . )  = (N®C( d e t . ) / N ° ( d e t . ) )  £ ( d  < T /d II)D>d (1 0 )
* NsA tsK8 2  2 (d (T M i)D>ddnts
t  s
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A lthough  a  number o f  s im p l i f y in g  assu m p tio n s  have been  made th e  p ro ­
c e s s  o f  com puting  th e  f a c t o r s  i n  th e  sum m ations i s  s t i l l  le n g th y  and a 
com puter program  fo rm u la te d  f o r  t h i s  p u rp o se  by Spahn6  was u se d . This 
program  was fe d  to  an IBM 7040 a t  th e  L .S .U . Computer C e n te r  and th e  
r e s u l t s  s u b s t i t u t e d  in  th e  above e x p re s s io n  y ie ld in g :
dOr/d X I(E ri, B t ) = ( 3 1 .9 7 /7 .0 7 )  (N®C/N °)/N g A t gKg ( 1 1 )
S C  •The numbers N* a re  d e te rm in e d  by g ra p h in g  th e  d a ta  ta p e s  from  
th e  H-P P r i n t e r  f o r  th e  s c a t t e r e d  c o u n t and t h a t  w ith  th e  s c a t t e r e d  
rem oved. T h e .p re se n c e  in  th e  h ig h e r  numbered c h an n e ls  o f  th e  gamma- 
peak  a s s o c ia te d  w ith  i n e l a s t i c a l l y  s c a t t e r e d  n e u tro n s  a llo w ed  p o s i ­
t io n in g  o f  th e  two s p e c t r a  to  a c c o u n t f o r  any s h i f t  i n  s p e c t r a  when 
s u b t r a c t in g  th e  s c a t t e r e r  o u t c o u n t.
C o r re c t io n s  to  E x p erim en ta l D ata
I t  was n o te d  in  th e  p re c e d in g  a n a ly s i s  t h a t  th e  c ro s s  s e c t io n s  
d O V d jfU E . 0 .  ) had t o  be a v e rag e d  b e ca u se  o f  th e  in c lu s io n  o f s c a t -II* 1>
t e r i n g  a t  a n g le s  o th e r  th a n  th e  d e s i r e d  Q T his  a v e ra g in g  p ro c e ss  
can  be r e p re s e n te d  a s : ^
T 0 r/ d f I ( E n , = Z  (d O V d { l) t h ( 0 )  f ( 0 ,  0 t ) (1 2 )
0
4 2 f ( 0 , 0 i )
C. J .  Spahn, "The Compound E l a s t i c  S c a t t e r in g  o f  3 .1 5  Mev Neu­
t r o n s  in  P b ,"  (u n p u b lish e d  Ph.D . d i s s e r t a t i o n ,  D epartm ent o f  P h y s ic s , 
U n iv e r s i ty  o f  T ex as, J a n u a ry ,  196 5 ).
^P. E. Hodgson, The O p tic a l  Model o f  E l a s t i c  S c a t t e r i n g , (Lon­
don: O xford  a t  th e  C la ren d o n  P r e s s ,  1 9 6 3 ), p . 6 6 .
37
where (d  ffY&IL) . ,  ( 0 ) i s  th e  t h e o r e t i c a l  v a lu e  o f th e  c ro s s  s e c t io n  th
and f (  0 , 0  . )  i s  a  q u a n t i ty  c a l l e d  th e  a n g u la r  r e s o lu t io n  fu n c t io n
w ith  r e s p e c t  to  w hich th e  (dC T/dX l) ^ 1 s a re  a v e ra g e d . S in ce
(d O '/d ll) for each of the d ifferen t 0 . ’s is  the quantity desired th  i
th e  p r a c t i c a l  p ro c e d u re  o f  f in d in g  i t  i s  to  u se  a  t r i a l  d i s t r i b u t i o n  
w hich g iv e s  d <T/d X l. I f  th e  v a lu e s  o f  f  a re  known a t  th e  v a r io u s  
Q '  s ab o u t s u b s t i t u t i o n  o f th e s e  v a lu e s  to g e th e r  w ith  th e  assumed 
o r  c a lc u la t e d  d i s t r i b u t i o n  o f  th e  (d  ( T /d f I ) t h Is sh o u ld  y i e ld  th e  
d ( T / d f I 's  o b ta in e d  from  e x p e r im en t. In  g e n e r a l ,  th e  d i s t r i b u t i o n  o f  
f  ab o u t 0 ^ w i l l  v a ry  w ith  0 ^ and th e  c a l c u l a t i o n  o f  th e s e  i s  g iv e n  
in  th e  app en d ix  (A ppendix B ) .
One method o f a r r i v in g  a t  a t r i a l  ( d C T /d i l ) t h  i s  t o  a p p ly  
f (  a  a >  to  th e  e x p e r im e n ta l ly  de te rm in ed  c ro s s  s e c t io n ,  d (T /d £h. 
B ecause o f  th e  g e n e ra l  form  o f th e  e l a s t i c a l l y  s c a t t e r e d  a n g u la r  d i s ­
t r i b u t i o n  th e  e f f e c t  w i l l  be d i f f e r e n t  o v e r  d i f f e r e n t  p o r t io n s  o f  th e  
c u rv e . For in s ta n c e  a t  a n g le s  in  th e  fo rw ard  d i r e c t i o n  a lth o u g h  th e  
c ro s s  s e c t io n  f o r  s c a t t e r i n g  a t  sm all a n g le s  i s  g r e a t e r  th a n  a t  r e l a ­
t i v e l y  l a r g e r  a n g le s ,  th e  d isp la c e m e n t o f  th e  a n g u la r  r e s o l u t i o n  fu n c ­
t i o n  a b o u t 0 ^ i s  su ch  th a t  more o f  th e  s c a t t e r i n g  a t  a n g le s  l a r g e r  
th a n  0 ^ i s  in c lu d e d  and th e  n e t  e f f e c t  i s  to  p ro d u ce  a  d d / d O .  s m a l l­
e r  th a n  t h a t  m easured . As th e  m iddle a n g le s  (a p p ro x im a te ly  7 0 -1 0 0 °) 
a re  app roached  where a  minimum in  th e  a n g u la r  d i s t r i b u t i o n  g e n e r a l ly  
a p p ea rs  a  c r o s s - o v e r  o c c u rs  and av erag e  v a lu e s  l a r g e r  th a n  A G / a£L  a re  
o b ta in e d . Thus in  th e  fo rm er c a se  i f  th e  d i f f e r e n c e  betw een th e  ex ­
p e r im e n ta l  v a lu e  and th e  f -d e te rm in e d  av e rag e  i s  added to  th e  e x p e r i ­
m en ta l q u a n t i ty ,  a v a lu e  c lo s e r  to  th e  t r u e  A G / a£L  w i l l  fo llo w  w h ile  
f o r  th e  l a t t e r  t h i s  d i f f e r e n c e  must be s u b t r a c te d .  C o n tin u in g  t h i s
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p ro c e ss  f o r  a l l  a n g le s  a  new d i s t r i b u t i o n  w i l l  be d e r iv e d  and i f  i t e r ­
a te d  a  l i m i t i n g  v a lu e  w i l l  be re a ch e d  w hich  w i l l  th e n  be s u b s t a n t i a l l y  
f r e e  o f  e r r o r s  due to  f i n i t e  a n g u la r  r e s o l u t i o n  f o r  s in g le  s c a t t e r i n g .
The a n g u la r  d i s t r i b u t i o n  o b ta in e d  from  th e  above method w i l l  
s t i l l  c o n ta in  e r r o r s  due to  m u l t ip ly  s c a t t e r e d  n e u tro n s  w hich a re  l o s t  
from  th e  c o u n t .  As m entioned  e a r l i e r  s o lu t io n  o f t h i s  p rob lem  i s  ex ­
tre m e ly  c o m p lic a te d  and an a n a l y t i c a l  te c h n iq u e  d ev o id  o f approxim a­
t io n s  and s u i t a b l e  f o r  a l l  g e o m e trie s  o r  even  f o r  c y l in d r i c a l  geom etry 
has y e t  to  be d e v is e d . Even th e  Monte C arlo  method has been a p p lie d  
w ith  w ide v a r i a t i o n s  in  ap p ro ach  and consumes a p p re c ia b le  com puter 
tim e  as w e ll a s  demanding some s k i l l  a s  a  program m er. B ecause o f  
th e s e  d i f f i c u l t i e s  th e  a n g u la r  r e s o l u t i o n  c o r r e c te d  c ro s s  s e c t io n s  
w ere n o t f u r t h e r  c o r r e c te d  f o r  m u l t ip le  s c a t t e r i n g .
CHAPTER IV
CONCLUSIONS 
S t a t i s t i c s  and R e s o lu tio n
A. S t a t i s t i c s
The e x p e r im e n ta l ly  d e te rm in ed  and c o r r e c te d  c ro s s  s e c t io n s  can  
now be a n a ly z e d  f o r  s t a t i s t i c a l  a c c u ra c y . The s ta n d a rd  e r r o r  in  th e  
c ro s s  s e c t io n s  e v a lu a te d  a t  e ach  a n g u la r  s e t t i n g  due to  s t a t i s t i c a l  
u n c e r t a i n t i e s  r e q u i r e s  ta k in g  in to  a cc o u n t th e  e r r o r s  i n  th e  back­
ground. ( s c a t t e r e r  o u t)  c o u n t, d i r e c t  beam c o u n t and th e  m o n ito r in g  
c o u n t as  w e ll  a s  th e  s c a t t e r e d  co u n t ( e l a s t i c a l l y  s c a t t e r e d  n e u tro n s  
p lu s  b ack g ro u n d ).
The e r r o r  in  th e  m o n ito r in g  c o u n t i s  g iv e n  by th e  sq u a re  r o o t  
o f  th e  o b se rv ed  t o t a l  co u n t s in c e  t h i s  i s  assum ed to  have a P o is so n  
d i s t r i b u t i o n .  F or th e  t o t a l  co u n t f o r  each  ru n  u sed  i n  t h i s  
e x p e r im en t:
= (1 9 2 ,0 0 0 )^  = 438 = +0.2%
In  a  s im i la r  manner th e  e r r o r  i n  th e  d i r e c t  beam m easurem ent i s
found to  be in  th e  ran g e :
+0.2% <  (T <  +0.25% db
o v e r th e  ra n g e  o f  co u n ts  u t i l i z e d  in  t h i s  e x p e r im en t a s  d e te rm in ed  by
th e  m o n ito r  c o u n t. S in c e  b o th  th e s e  e r r o r s  a r e  sm all t h e i r  e f f e c t  can
sc  o
be o v e rlo o k e d  in  d e te rm in in g  th e  s t a t i s t i c a l  e r r o r  in  th e  r a t i o  Nn /N n .
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W ith t h i s  c o n s id e r a t io n  in  mind th e  e r r o r  in  th e  r a t i o  av erag ed  
f o r  k ru n s  a t  each  Q . can  be o b ta in e d  and i s  found to  be:L
( l / k ) ( k - l )
S u b s t i t u t i n g  th e  s p e c i f i e d  q u a n t i t i e s  in  t h i s  e x p re s s io n  th e  ran g e  o f 
v a lu e s  f o r  th e  e r r o r s  i s  found to  v a ry  from  1 % in  th e  fo rw ard  d i r e c t i o n  
to  11% in  th e  back  d i r e c t i o n  (T ab le  I I I ) .  The l a r g e r  v a lu e s  a re  a t ­
t r i b u t a b l e  in  p a r t  to  th e  h ig h e r  background due to  i n a b i l i t y  to  s h ie ld  
th e  d e t e c to r  s u f f i c i e n t l y  from  t a r g e t  n e u tro n s  a t  th e  back a n g le s .
B. R e s o lu tio n
The e n e rg y  r e s o lu t io n  o f th e  s p e c t r a  A E /E n a s s o c ia te d  w ith  
th e  tim e  r e s o lu t io n  A t / t ^  i s  governed  by the** r e l a t i o n :
A e a  = 2 A t / tn n
where A e i s  the energy spread a sso c ia ted  with neutrons of energy En 
and A t  i s  the time spread w hile t  i s  the time o f  f l ig h t  o f the neu­
trons . This la t t e r  i s  g iven  by:
t n  = 7 2 .3 d /(E n )3s
w here d i s  th e  f l i g h t  p a th  in  m ete rs  and E i s  in  Mev. Thus:
In  the present in stan ce d i s  1 .2 5  meters w hile A t  i s  the rms value of 
the fo llo w in g  q u a n titie s:
B u rs t d u r a t io n 2 .5  nanoseconds
Energy sp re a d  o f  t a r g e t  n e u tro n s 2 . 2  nanoseconds
P a th  in  s c a t t e r e r 0 .5  nanoseconds
P a th  in  d e te c to r 1 .3  nanoseconds
P h o to m u lt ip l ie r  t r a n s i t  tim e 0 .3  nanoseconds
R eco rd in g 0 . 8  nanoseconds
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TABLE III
DIFFERENTIAL CROSS SECTIONS (MILLIBARNS PER STERADIAN)
ooCM 679 + 2 0 971 + 1 0 1388 + 18 1075
30° 549 + 4 754 + 18 1015 + 14 767 +
40° 456 + 3 561 + 17 693 + 28 508 +
o
50 329 + 8 365 + 4 384 + 1 1 243 +
o
60 228 + 7 227 + 3 2 1 2 + 2 89 +
oo
170 + 4 142 ± 9 117 + 4 52 +
Oo00 137 + 2 98 + 7 109 + 3 65 +
90° 103 + 7 65 + 3 133 + 4 90 +
1 0 0 ° 94 + 9 64 + 2 151 + 2 116 +
1 1 0 ° 90 + 9 59 ± 4 165 + 5 119 +
1 2 0 ° 94 + 5 65 + 4 157 + 6 113 +
130° 84 + 8 77 + 8 147 + 3 85 +














The rms f i g u r e  o f  3 .7  nanoseconds g iv e s  an en e rg y  r e s o l u t i o n  o f  14.5%.
Sources  o f  e r r o r  o t h e r  th a n  t h e  c o u n t in g  s t a t i s t i c s  and tem ­
p e r a t u r e  e f f e c t s  in c lu d e  machine i n s t a b i l i t y ,  r e p r o d u c i b i l i t y  o f  angu­
l a r  s e t t i n g s  and d iv e rg e n c e  o f  th e  d e u te r o n  beam a t  t h e  t a r g e t  to  name 
a  few  o f  t h e  more p ro m in en t  c au se s  n o t  m en tioned  b e f o r e .  The f i r s t  o f  
t h e s e ,  machine i n s t a b i l i t y ,  c o n t r ib u te d  t o  t h e  e r r o r s  p r i m a r i l y  
th ro u g h  a  s h i f t  i n  t h e  s p e c t r a  caused  by f l u c t u a t i o n s  i n  th e  Ion 
Buncher magnet c u r r e n t .  These in a c c u r a c i e s  were k ep t  to  a minimum by 
th e  p r e v io u s ly  m entioned warm-up p e r io d  f o r  th e  machine p lu s  r e j e c t i o n  
o f  t h e  s p e c t r a  which showed a  s i g n i f i c a n t  s h i f t  when d i s p la y e d  on th e  
CRT o f  t h e  TMC a n a ly z e r .
A ngu lar  s e t t i n g s  were a b le  t o  be d u p l i c a t e d  to  w i t h i n  + 0 .5°  and 
s i n c e  no a t te m p t  has been  made to  c o r r e c t  t h e  a b s c i s s a e  o f  th e  mea­
s u re d  p o i n t s  f o r  a n g u la r  r e s o l u t i o n  t h i s  s l i g h t  in a c c u ra c y  w i l l  be n e ­
g l e c t e d .  T em pera ture  e f f e c t s  were managed as th e y  p e r t a i n e d  to  th e  
v a r io u s  p ie c e s  o f  equipm ent i n  th e  manner d e s c r ib e d  i n  e a r l i e r  s e c ­
t i o n s  . The d iv e rg e n c e  o f  th e  d e u te ro n  beam as  w e l l  as a l l  o t h e r  
s o u rc e s  o f  p o s s i b l e  e r r o r  were c o n s id e re d  t o  be minimal and so dropped 
from  f u r t h e r  d i s c u s s i o n .
The d i f f e r e n t i a l  c ro s s  s e c t i o n s  were i n t e g r a t e d  a c c o rd in g  to  
t h e  f o l lo w in g  fo rm u la  t o  g ive  th e  t o t a l  e l a s t i c  c r o s s  s e c t i o n :
The i n t e g r a l  was e v a lu a te d  n u m e r ic a l ly  u s in g  S im pson 's  Rule and th e  
l i s t  o f  v a lu e s  so o b ta in e d  i s  found in  Table  IV. S in ce  a l l  th e
Comparison w i th  P u b l i s h e d  Data
2 7 7 */ (d (T /d X I)  s i n 0 d 0
Je
m a t e r i a l s  s tu d i e d  have en erg y  l e v e l s  o f  t h e  compound n u c le u s  below
3 .1 5  Mev t h e r e  was some i n e l a s t i c  s c a t t e r i n g  in  each  c a s e  and th e  t o ­
t a l  c r o s s  sec j t io n  by an amount depend ing  on th e  number o f  l e v e l s  and 
th e  d eg re e  o f  e x c i t a t i o n  o f  e ac h .  To g a in  f u r t h e r  i n s i g h t  i t  w i l l  be 
n e c e s s a r y  t o  c o n s id e r  each  s c a t t e r e r  i n  g r e a t e r  d e t a i l .
A. Aluminum
The i n t e g r a t e d  c r o s s  s e c t i o n  a t  3 .1 5  Mev i s  i n  good agreem ent 
w i th  an e x p e c te d  v a lu e  o f  a p p ro x im a te ly  2  b a rn s  o b ta in e d  by c o n s id e r ­
in g  t h e  d a t a  a t  3 .01 Mev and 3 .2 5  Mev (T ab le  IV ). At 3 .25  Mev th e r e  
i s  no r e p o r t e d  v a lu e  o f  t h e  t o t a l  e l a s t i c  c r o s s  s e c t i o n ,  however i f  
t h e  t o t a l  n o n - e l a s t i c  f i g u r e  i s  s u b t r a c t e d  from  th e  t o t a l  c ro s s  s e c ­
t i o n  th e  r e s u l t  i s  2 .02  b a r n s .  S in c e  t h e r e  i s  l e s s  th a n  a  3% change 
i n  o v e r  th e  ran g e  o f  e n e r g ie s  t a b u l a t e d  0 ^  may be assumed to  
v a r y  by abou t th e  same amount th u s  g iv in g  th e  nom inal v a lu e  o f  2  barns 
m en tioned  p r e v i o u s l y .
A f u r t h e r  check  on th e  r e l i a b i l i t y  o f  a n g u la r  d i s t r i b u t i o n  d a ta
can  be made by c o n s id e r in g  Wick’s l i m i t ' 1' f o r  th e  s c a t t e r i n g  a t  0 ° .
2From o t h e r  e x p e r im en ts  i t  i s  found  t h a t  t h i s  l i m i t  i s  approached  
w i th in  a  few p e r c e n t  i n  p r a c t i c e .  U sing  th e  v a lu e  o f  2 .5  b as 0"^, 
t h i s  r e l a t i o n  g iv e s :
d ( T / d f l ( 0 O) = ( k ( J . j / 4 7 D  = 633 m i l l i b a r n s  
where k i s  t h e  wave number f o r  3 .1 5  Mev n e u t r o n s .  The v a lu e  o b ta in e d
•1
G. C. Wick, A t t i  r e a l e  a cc a d .  I t a l i a ,  Mem. c l a s s e  s c i .  f i s . ,  
m at. e n a t . ,  X I I I  (1 9 4 3 ) ,  1203.
2J .  H. Coon, R. W. D av is ,  H. E. F e l t h a u s e r  and D. B. Nicodemus, 
" S c a t t e r i n g  o f  1 4 .5  Mev N eu trons  by Complex N u c le i , "  P h y s ic a l  Review , 
CXI (1 9 5 8 ) ,  250.
TABLE IV
TOTAL, INTEGRATED AND 0° CROSS SECTIONS
0 * ( to ta l  0 “( t o t a l  d O '/dQ. (0 °  ) ( b a rn s  )
E C R t o t a l )  e l a s t i c )  n o n - e l . )  e x t r a -  W ick 's
S c a t t .  (Mev) ( b a r n s )  (b a rn s )  ( b a r n s )  p o la te d  l i m i t






3 .15 2 . 5*a,C 2.03 .745 .633
3 .25 2.55® .53f
2 .5 2 . 7° .54S
2.7 3 . 8 C 1 .ooob 1.250
3 .15 . 2 . 78*C,h~^ 1.89 1 . 100 .795







3.15 3 . 5 1 1.8 1 . 350 1.232





3 .15 4 . 0 2.47 1 . 700 1.620
3 .19  3 .9 6 m
* av e rag e  v a lu e
# e x t r a p o l a t e d  v a lu e
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by e x t r a p o l a t i o n  f o r  t h i s  exper im en t i s  17% g r e a t e r  th a n  t h e  low er 
l i m i t .  T h is  d i f f e r e n c e  may p o s s i b l y  be e x p la in e d  i n  p a r t  by t h e  u n ­
known c o n t r i b u t i o n  o f  e l a s t i c  s c a t t e r i n g  due to  compound n u c le u s  f o r ­
m a tio n  w hich would have t o  be added t o  t h e  l i m i t  to  o b t a i n  th e  
e x t r a p o l a t e d  v a lu e .  I t  c an  be n o ted  t h a t  th e  e x t r a p o l a t e d  0°  c ro s s  
s e c t i o n  a t  2 .7  Mev i s  o n ly  3% g r e a t e r  th a n  th e  t h e o r e t i c a l  v a lu e  w h ile  
t h a t  a t  3 .01 Mev i s  l e s s  th a n  i t s  p r e d i c t e d  low er bound.
B. S u l f u r
The d a t a  f o r  s u l f u r  i s  somewhat s p a r s e r  th a n  f o r  aluminum how­
e v e r  some id e a  o f  t h e  e x p e c te d  v a lu e  f o r  th e  t o t a l  e l a s t i c  c r o s s  s e c ­
t i o n  can  a g a in  be i n f e r r e d  from  e x i s t i n g  d a t a .  From th e  t a b u l a t e d  
v a lu e s  f o r  t h e  t o t a l  c r o s s  s e c t i o n  i t  i s  s ee n  t h a t  t h i s  q u a n t i t y  v a r ­
i e s  v e ry  l i t t l e  from  3 .15  to  3 .7  Mev. C on seq u en tly  one would e x p e c t  
changes i n  0^.e  to  be o f  th e  same o r d e r  a s  th o s e  i n  0^,. I f  th e  v a lu e
f
o f  <Tte  a t  3 .7  Mev i s  a c c e p te d  ou r  3 .15  Mev f i g u r e  i s  e n t i r e l y  c o n s i s ­
t e n t .  The t o t a l  n o n - e l a s t i c  c r o s s  s e c t i o n  in c r e a s e s  w i th  en e rg y  b e ­
c au se  o f  e x c i t a t i o n  o f  more en e rg y  l e v e l s .  An i n t e r p o l a t i o n  o f  t h e  
v a lu e s  a t  2 .5  and 3 .5  Mev g iv e s  a  f i g u r e  o f  a p p ro x im a te ly  0 .7  b a rn s  a t
3 .1 5  Mev. T h is  number added t o  t h e  i n t e g r a t e d  e l a s t i c  c r o s s  s e c t i o n  
a t  t h e  same energy  r e s u l t s  i n  2 .59  b a rn s  f o r  0*T» a q u a n t i t y  s m a l l e r  
th a n  t h e  r e p o r t e d  v a lu e  by l e s s  th a n  8 %.
Comparing w i th  Wick’s l i m i t  t h e  e x t r a p o l a t e d  c r o s s  s e c t i o n  a t
3 .1 5  Mev i s  c o n s id e r a b ly  above th e  c a l c u l a t e d . v a l u e .  This  may be  due
i n  p a r t  t o  a  l a r g e  c o n t r i b u t i o n  o f  compound e l a s t i c  s c a t t e r i n g .  There
32i s  o n ly  one l e v e l  below  3 .1 5  Mev i n  S a t  2 .2 5  Mev th u s  t h e  c ro s s  
s e c t i o n  f o r  compound n u c leu s  fo r m a t io n  sh o u ld  be f a i r l y  l a r g e .  S in c e  
t h i s  i s  u n de term ined  no f u r t h e r  c o n c lu s io n s  c an  be drawn.
47
C. C o b a l t
The d a t a  h e re  i s  a g a in  s p a r s e ,  in  f a c t  more so th a n  f o r  s u l f u r .  
The 3 .7  Mev t o t a l  e l a s t i c  c r o s s  s e c t i o n  i n f e r s  a v a lu e  g r e a t e r  th a n  
t h a t  m easured a t  3 .1 5  Mev becau se  o f  th e  d e c re a s e  o f  w i th  energy
as  more l e v e l s  a r e  e x c i t e d .  S ince  t h e r e  a re  no o t h e r  p rox im ate  v a lu e s  
l i t t l e  more can  be s a id  c o n c e rn in g  t h i s .  The fo rw ard  s c a t t e r i n g  f i g ­
u re  o b ta in e d  i n  t h i s  ex p e r im en t  i s  i n  much b e t t e r  agreem ent w i th  t h e  
t h e o r e t i c a l  l i m i t  th a n  e i t h e r  A1 o r  S however t h i s  may be because  o f  
l e s s  compound e l a s t i c  s c a t t e r i n g .
D. Vanadium
I n  th e  c a se  o f  vanadium th e  d a t a  i s  e x tre m e ly  r a r e  w i th  no d i f ­
f e r e n t i a l  c ro s s  s e c t i o n s  below 7 Mev and hence th e  o n ly  p o in t  w hich 
can  be c o n s id e re d  q u a l i t a t i v e l y  i s  th e  agreem ent w i th  th e  0 °  l i m i t .
The v a lu e  o f  1 .7 b  de te rm in ed  i n  t h i s  ex p er im en t a g a in  a g re e s  w e l l  w i th  
th e  t h e o r e t i c a l  f i g u r e  o f  1 .6 2 b .
A b e t t e r  u n d e r s ta n d in g  o f  t h e  g e n e r a l  t e n d e n c ie s  can  be g a in ed  
by c o n s id e r in g  th e  t h r e e  d im e n s io n a l  i l l u s t r a t i o n  o f  d i f f e r e n t i a l  
c r o s s  s e c t i o n s  v s .  a n g le  and mass number A ( F ig .  1 2 ) .  The d a ta  o f
3
S in g h , o b ta in e d  under  t h e  same g e n e r a l  c o n d i t io n s  as th e  d a ta  t a b u ­
l a t e d  h e r e i n ,  has been in c lu d e d  f o r  c o m p le te n e s s .  For i n s t a n c e ,  th e
sh a rp  i n c r e a s e  in  th e  fo rw ard  s c a t t e r i n g  f o r  S compared to  A1 i s  seen  
t o  o c c u r  a l s o  when com paring Ca**  ^ to  The e x p la n a t io n  f o r  t h e
l a t t e r  i s  t h e  same as t h a t  m entioned  e a r l i e r ,  nam ely, th e  l a r g e
3
Z. S ingh , "The Compound E l a s t i c  S c a t t e r i n g  o f  3 .1 5  Mev Neu­
t r o n s  by C a ^ , "  (Ph .D . d i s s e r t a t i o n ,  Departm ent o f  P h y s ic s  and As­
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40c o n t r i b u t i o n  o f  compound e l a s t i c  s c a t t e r i n g .  Ca has no l e v e l s  below 
393 .1 5  Mev w h ile  K has a  number o f  l e v e l s .  A lthough  H ause r-F eshbach
k
t h e o r y  p r e d i c t s  i s o t r o p y  i n  t h e  c e n t e r  o f  mass sys tem  f o r  compound
0
e l a s t i c  s c a t t e r i n g  t h e  d e v i a t i o n  n o te d  can  be e x p la in e d  by t h e  c o n t r i ­
b u t io n  o f  p a r t i a l  waves w i th  a n g u la r  momentum g r e a t e r  t h a n  z e r o .  For
39 40
3 .1 5  Mev n e u t ro n s  i n c i d e n t  on K and Ga th e  wave number k i s  su ch  
t h a t  waves f o r  w hich 1 = 5  must be in c lu d e d .  These add f a c t o r s  i n ­
v o lv in g  t h e  Lengendre p o ly n o m ia ls  o f  o r d e r  h ig h e r  t h a n  z e ro  whose e f ­
f e c t  i s  n o t  n e g l i g i b l e .
The o v e r - a l l  q u a l i t a t i v e  f e a t u r e s  f o l l o w  c l o s e l y  t h e  o p t i c a l  
model p r e d i c t i o n s .  For i n s t a n c e ,  t h e  d i f f r a c t i o n  p a t t e r n  o f  t h e  two 
h ig h e r  mass numbered e lem en ts  (V and Co) show more s t r u c t u r e  ( s e e  
F ig s .  1 3 -16 )  th a n  do th e  low er numbered s c a t t e r e r s  as  would be e x p e c t ­
ed b eca u se  o f  t h e i r  g r e a t e r  n u c le a r  r a d i i .  A r e l a t e d  f e a t u r e  i s  t h e  
s t r o n g e r  p e ak in g  in  t h e  fo rw a rd  d i r e c t i o n  o b se rv ed  when com paring  t h e  
fo rm er  p a i r  w i th  th e  l a t t e r  as  w e l l  as  when com paring  e ac h  member o f
e
a  g iv e n  p a i r  w i th  t h e  o t h e r  member o f  t h a t  p a i r .  In  g r e a t e r  d e t a i l ,  
th e  minimum f o r  Co i s  a t  a  s l i g h t l y  s m a l l e r  a n g le  t h a n  f o r  V; s i m i l a r ­
l y ,  t h a t  f o r  S i s  s m a l l e r  th a n  f o r  A1. When com paring t h e s e  f e a t u r e s  
w i th  th o s e  f o r  t h e  same s c a t t e r e r s  a t  n e a rb y  e n e r g ie s  where d a t a  i s  
a v a i l a b l e  th e  b e h a v io r  i s  t h a t  e x p e c te d ,  nam ely, a  s h i f t  o f  t h e  m in i­
mum tow ards  s m a l l e r  a n g le s  and s t r o n g e r  fo rw a rd  p e a k in g .  Thus th e  
d e t a i l e d  as w e l l  as  t h e  g r o s s e r  a s p e c t s  o f  t h e  d a ta  o b ta in e d  i n  t h i s
q.
W. H auser and H. Feshbach , " I n e l a s t i c  S c a t t e r i n g  o f  N e u t ro n s ,"  
P h y s ic a l  Review, LXXXVII (1 9 5 2 ) ,  366.
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APPENDIX A
The c a l c u l a t i o n  o f t h e  s o l i d  a n g le s  and th e  a s s o c i a t e d  c r o s s  
s e c t i o n s  i n  th e  sums i n  t h e  e x p r e s s io n  f o r  t h e  d i f f e r e n t i a l  c r o s s  s e c ­
t i o n  p ro ceed s  from a c o n s i d e r a t i o n  o f  th e  e x p e r im e n ta l  geom etry  (F ig .  
1 7 ) .  The s p e c i f i c  q u a n t i t i e s  o f  i n t e r e s t  a r e  t h e  a n g le  which th e  r a ­
d iu s  v e c t o r  to  th e  r e p r e s e n t a t i v e  volume e lem en t makes w i th  th e  d i r e c ­
t i o n  o f  t h e  i n c id e n t  d e u te ro n  beam and t h e  s o l i d  a n g le  su b ten d ed  a t  a  
p o i n t  P i n  t h e  t a r g e t .  The a n a l y s i s  h e re  fo l lo w s  t h a t  o f  S ingh 1  bu t 
w i l l  be r e p e a te d  f o r  co n v en ie n c e .
For p u rp o se s  o f  co m p u ta t io n  th e  s c a t t e r e r  was d iv id e d  a lo n g  i t s  
l e n g t h  i n t o  1 s l i c e s  o f  e q u a l  th i c k n e s s  Ax w h ile  th e  t a r g e t  was s im i ­
l a r l y  s e c t io n e d  in to  1 '  s l i c e s .  (F o r  c h o ic e  o f  axes  s e e  F ig .  1 7 . )
Each s l i c e  i n  th e  s c a t t e r e r  was f u r t h e r  d iv id e d  a lo n g  th e  y and z d i ­
r e c t i o n s  i n to  r e c t a n g u l a r  segm ents m and n  i n  number, r e s p e c t i v e l y .
The r e s u l t a n t  volume e lem en t o f  s id e s  A x .  , A y , A z „  form s th e
1 1 ,m' n
r e p r e s e n t a t i v e  e lem en t m entioned  p r e v io u s ly .  In  o r d e r  t o  r e f e r e n c e  
t h e s e  p r o p e r ly  in  term s o f t h e  m easured d i s t a n c e  from t a r g e t  to  s c a t ­
t e r e r  t h e  o v e r - a l l  l e n g t h  from a  chosen  p o i n t  P i n  t h e  t a r g e t  on th e  
a x i s  o f  t h e  i n c i d e n t  beam t o  t h e  back o f  t h e  s c a t t e r e r  a lo n g  t h i s  same 
a x i s  i s  d e s ig n a te d  as L. With t h i s  n o t a t i o n  th e  d i s t a n c e  a lo n g  th e  
p r i n c i p a l  a x i s  from P t o  th e  c e n t e r  o f  th e  s l i c e  c o n t a i n i n g  th e  volume 
e lem en t i s :





F I G .  17  -  G E O M E T R Y  F O R  F L U X  C A L C U L A T I O N S
X. s  L -  ( 2 1  -  1 ) ( A x / 2 ) ;  A x  = d ia m e te r  o f  s c a t t e r e r / I
J. u l a A
a 2 R/ 1 max
w hich i s  t h e r e f o r e  t h e  X - c o o rd in a te  f o r  a l l  e le m e n ts  i n  t h i s  s l i c e .
The Y and Z d i r e c t i o n s  need  o n ly  be c o n s id e r e d  i n  t h e  p o s i t i v e  d i r e c ­
t i o n  s in c e  th e  a n g le s  f o r  t h e  o t h e r  q u a d ra n ts  a r e  t h e  same. The Z co ­
o r d i n a t e  o f  an e lem en t i n  t h i s  s l i c e  i s  g iv e n  by:
Z a (2n - 1 ) ( A z/ 2); A z  = len g th  o f s c a t te r e r /2 n m_vIX ulciX
The Y c o o r d in a te s  o f  t h e  e le m e n ts  i n  t h e  d i f f e r e n t  s l i c e s  w i l l  n o t  
however have th e  same maximum as  one a n o th e r .  These w i l l  depend i n ­
s t e a d  on th e  p a r t i c u l a r  s l i c e  and hence  X^. T h e r e f o r e ,  t h e i r  Y c o o r ­
d in a t e s  w i l l  have a  g r e a t e s t  v a lu e  o f :
Y = (R2  — | ( 2 1  -  1 ) ( A x / 2 ) -  r ) 2 / 5
C onsequen tly :
Yl ,m  = <2m -  1 > ( A y / 2 )
Yl ,m  r  C2m ‘  1 ) ( r 2  - | ( 2 1  " D C A x / 2 ) -  R ^ A ^ m ^
From th e s e  th e  r a d iu s  v e c t o r  r ,  from  P t o  th e  volume e lem en t  can
X f Ui f  u
be formed a lo n g  w i th  i t s  d i r e c t i o n  c o s i n e s . The a n g le  (j) w hich t h i s  
v e c t o r  makes w i th  th e  d i r e c t i o n  o f  t h e  i n c i d e n t  beam i s  th e r e b y  d e t e r ­
mined and th e  D (d ,n )  r e a c t i o n  c r o s s  s e c t i o n s  a s s o c i a t e d  w i th  t h i s  
a n g le  and th e  accompanying d e u te r o n  e n e rg y  a t  P c an  be found  from
T ab le  IX. T h is  t a b l e  i s  an e x t e n s io n  by i n t e r p o l a t i o n  o f  t h a t  pub-
2
l i s h e d  i n  " F a s t  N eu tro n  P h y s ic s  -  P a r t  I " .
The s o l i d  a n g le  su b ten d ed  by th e  r e p r e s e n t a t i v e  e lem en t  a t  P in
t h e  d i r e c t i o n  (D  ab o u t  r ,  i s  g iv e n  by th e  a r e a  o f  t h e  f a c e  o f  th e  i 1  ,m ,n •
2
J .  B. M arion and J .  L. F o w le r ,  F a s t  N eu tron  P h y s ic s  -  P a r t  I ,
(New York: I n t e r s c i e n c e  P u b l i s h e r s ,  I n c . ,  1 9 6 0 ) ,  p .  80.
60
e lem en t normal to  th e  i n c i d e n t  beam. As a  f i r s t  a p p ro x im a t io n ,  n e ­
g l e c t i n g  o b l iq u e n e s s  w ith  r e s p e c t  to  t h e  Y and Z axes  t h i s  a r e a  i s :
In  t h e  p r e s e n t  c a s e :
“ max ”  nmax "  *'■ W  = 6; 1 ' °  “
The above a n a l y s i s  was c a r r i e d  o u t  w i th  t h e  aim o f  programming 
th e  v a r io u s  f a c t o r s  f o r  c o m p u ta t io n  on th e  IBM 70*<-0. The r e s u l t i n g  
v a lu e s  were th e n  s u b s t i t u t e d  i n  t h e  e x p r e s s io n s  f o r  t h e  d i f f e r e n t i a l  
c r o s s  s e c t i o n .
A yAzJ^/:
w hich g iv e s  th e  fo l lo w in g  f o r  t h e  e lem en t o f  s o l i d  a n g le :
L y & B L /t.
APPENDIX B
The a n g u la r  r e s o l u t i o n  f u n c t i o n s  f o r  each  0 ^  were c a l c u l a t e d  
i n  a  manner analogous  t o  t h a t  f o r  t h e  a n g le s  o f  s c a t t e r i n g  and s o l i d  
an g le s  in  Appendix  A w i th  some m o d i f i c a t i o n s .  In  t h i s  in s ta n c e  th e  
c y l i n d r i c a l  s c a t t e r e r  was ap p ro x im a ted  by a  f l a t  p l a t e  d iv id e d  v e r t i ­
c a l l y  in to  s t r i p s .  To make t h i s  assumed geom etry  more co m p a tib le  w ith  
th e  r e a l  a  w e ig h t in g  f u n c t i o n  p r o p o r t i o n a l  to  th e  t h ic k n e s s  o f  t h e  a c ­
t u a l  s c a t t e r e r  a t  t h e  v a r io u s  s t r i p s  was a s s o c i a t e d  w i th  each  o f  t h e s e .  
The w idth  o f  th e  p l a t e  was t h e n  a l s o  su b d iv id e d  h o r i z o n t a l l y  in to  
s t r i p s  th u s  fo rm ing  r e p r e s e n t a t i v e  s c a t t e r i n g  e le m e n ts .  S im i l a r ly ,  
t h e  r e a r  f a c e  o f  t h e  t a r g e t  was d iv id e d  i n t o  v e r t i c a l  s e c t i o n s  and th e  
s c a t t e r i n g  an g le s  form ed by t h e  m id - p o in t  o f  e ach  t a r g e t  segment w ith  
each  s c a t t e r e r  e lem en t was d e te rm in e d  g e o m e t r i c a l ly .  Th is  p ro c e ss  was 
re p e a te d  f o r  each  t a r g e t  segm ent and th e  a n g le s  so d e te rm in ed  were 
rounded t o  th e  n e a r e s t  d e g r e e .  The s c a t t e r i n g  f o r  each  o f  th e s e  
an g le s  was assumed i s o t r o p i c  i n  t h e  f i r s t  a p p ro x im a tio n .  Each a n g u la r  
v a lu e  was th e n  m u l t i p l i e d  by i t s  p r o p e r  w e ig h t in g  f u n c t i o n  and th e  sum 
o f  th e se  p ro d u c ts  f o r  a  g iv e n  a n g le  was t a b u l a t e d .  A p l o t  o f  th e s e  
t a b u la t e d  sums v e r s u s  s c a t t e r i n g  a n g le  f o r  a  p a r t i c u l a r  0 ^ i s  th en  
t h e  a n g u la r  r e s o l u t i o n  f u n c t i o n  to  be a p p l i e d .
The' number o f  e lem en ts  i n t o  w hich th e  s c a t t e r e r  was d iv id e d  was 
100 w h ile  th e  t a r g e t  was s e p a r a t e d  i n t o  5 segm ents .  Graphs o f  s e v e r a l  
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t e d io u s n e s s  o f  th e  c o m p u ta t io n s  in v o lv e d  r e c o u r s e  was made t o  a  com­
p u t e r  program  which th e n  perfo rm ed  th e  i n d i c a t e d  o p e r a t i o n s .
APPENDIX C
The a t t e n u a t i o n  f a c t o r  Kg i s  c a l c u l a t e d  by c o n s id e r in g  th e  
i n t e g r a l :
where t h e  a ssu m p tio n  i s  made t h a t  a t t e n u a t i o n  o f  th e  n e u t ro n s  in  th e  
X d i r e c t i o n  i s  much g r e a t e r  th a n  t h a t  i n  e i t h e r  o f  th e  o t h e r  d i r e c ­
t i o n s  and th e  c i r c u l a r  c r o s s  s e c t i o n  o f  th e  s c a t t e r e r  i s  approx im ated  
by a  s q u a re  o f  a r e a  e q u a l  t o  t h a t  o f  t h e  c i r c l e .  T h is  i s  done by 
s e t t i n g :
where D i s  th e  h a l f - t h i c k n e s s  o f  th e  s im u la te d  s c a t t e r e r .  The o r i g i n  
o f  c o o r d in a te s  i s  s e t  a t  t h e  c e n t e r  o f  t h e  sq u a re  and th u s  th e  l i m i t s  
of. t h e  i n t e g r a l  a r e  (+D) and ( - D ) .  The v a r i a b l e  i n  t h e  in te g r a n d  i s  
changed from  X t o  X + D and th e  e x p r e s s io n  i n  t h e  denom ina to r  becomes
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